
UC Santa Cruz
UC Santa Cruz Electronic Theses and Dissertations

Title

Understanding Fault Damage and Slip with Marine Seismic Methods

Permalink

https://escholarship.org/uc/item/9s87n4kp

Author

Alongi, Travis

Publication Date

2023
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/9s87n4kp
https://escholarship.org
http://www.cdlib.org/


 

UNIVERSITY OF CALIFORNIA 
SANTA CRUZ 

 
Understanding Fault Damage and Slip with Marine Seismic Methods 

 
A dissertation submitted in partial satisfaction  

of the requirements for the degree of 
 

DOCTOR OF PHILOSOPHY 
 

in 
 

EARTH SCIENCES 
 
 

by 
 

Travis Alongi 
 

December 2023 
 
 

The Dissertation of Travis Alongi is  
approved: 
 
____________________________________ 
Professor Emily E. Brodsky 
 
____________________________________ 
Professor Susan Y. Schwartz 
 
____________________________________ 
Professor Heather Savage 
 
____________________________________ 
Research Geophysicist Jared Kluesner 
 

_____________________________ 
Peter Biehl 
Vice Provost and Dean of Graduate Studies 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Copyright © by  
 

Travis Alongi 
 

2023 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

iii 
 

Table of Contents 

 

List of Figures .............................................................................. vi 

Abstract .................................................................................... viii 

Dedication ................................................................................ xiii 

Acknowledgements .................................................................. xiv 

Chapter 1 – Probing the Southern Cascadia Plate Interface with 
the Dense Amphibious Cascadia Initiative Seismic Array ............. 1 

1.1 Introduction ................................................................................................ 1 

1.2 Tectonic Setting and Data .......................................................................... 5 
1.2.1 Tectonic Background ........................................................................................................ 5 
1.2.2 Data ..................................................................................................................................... 6 

1.3 Methods & Results ..................................................................................... 6 
1.3.1 Catalog Generation ........................................................................................................... 6 

1.3.1.1 Manual Pick and Initial Locations ............................................................................. 6 
3.1.2 Relocation using a 3D Velocity Model ........................................................................ 8 
3.1.3 Relative Event Relocation ............................................................................................ 8 

1.3.2 Template Matching Plate Interface Events ..................................................................... 9 
1.3.3 Determining Faulting Geometry ................................................................................... 12 

1.4 Discussion ................................................................................................. 14 
1.4.1 Comparison with Other Catalogs .................................................................................. 14 
1.4.2 Seismicity Trends ............................................................................................................ 16 
1.4.3 Fortuna Earthquake Cluster ........................................................................................... 18 
1.4.4 Fortuna Cluster and Strain Transients .......................................................................... 23 

1.5 Conclusions .............................................................................................. 27 

Chapter 2 – Using Active Source Seismology to Image the Palos 
Verdes Fault Damage Zone as a Function of Distance, Depth, and 
Geology ...................................................................................... 29 

2.1 Introduction ............................................................................................. 29 

2.2 Tectonic Setting and Data ....................................................................... 32 



 

iv 
 

2.2.1 Palos Verdes Fault in Context ........................................................................................ 32 
2.2.2 Data .................................................................................................................................. 36 

2.3 Methods & Results ................................................................................... 37 
2.3.1 Data conditioning ........................................................................................................... 37 
2.3.2 Manual Fault & Horizon Mapping ................................................................................. 38 
2.3.3 Automated Fault Detection .......................................................................................... 40 
2.3.4 Spatial Analysis ............................................................................................................... 42 

2.4 Discussion ................................................................................................ 50 
2.4.1 Validity of P as a measure of fracturing ......................................................................... 50 
2.4.2 Density – Distance Relationship ................................................................................... 52 
2.4.3 Damage Zone Width ....................................................................................................... 53 
2.4.4 Sedimentary Rock and Damage .................................................................................... 57 
2.4.5 East vs West Comparison ............................................................................................... 59 
2.4.6 Folding and Damage ...................................................................................................... 62 

2.5 Conclusion & Implications ...................................................................... 65 

Chapter 3 - Fault Damage Zone Insights from High-Resolution 
Seismic Imaging and the Relationship with Fluid Seeps Along the 
Palos Verdes Fault ...................................................................... 67 

3.1 Introduction ............................................................................................. 67 

3.2 Tectonic Setting and Data ....................................................................... 72 
3.2.1 The Palos Verdes Fault and Tectonic Context .............................................................. 72 
3.2.2 Data .................................................................................................................................. 75 

3.3 Methods & Results ................................................................................... 76 
3.3.1 Multichannel Seismic Processing .................................................................................. 76 
3.3.2 Mapping the Active Fault Strand ................................................................................... 78 
3.3.3 Fault Detection ............................................................................................................... 83 
3.3.4 Metric for Studying Fault Damage ................................................................................ 85 
3.3.5 Seafloor Fluid Seeps & Fault Damage ........................................................................... 88 

3.4 Discussion ................................................................................................ 88 
3.4.1 Damage Highlights Active Fault Strand ........................................................................ 88 
3.4.2 Average Fault Damage Pattern Robustness ................................................................. 89 
3.4.3 Interpreting Fault Damage within Geologic Context ................................................ 90 
3.4.4 Fault Obliquity Impacts the Fault Damage Zone ......................................................... 92 
3.4.5 How Cumulative Fault Displacement Relates to the Fault Damage Zone .................96 
3.4.6 Fault Damage Controls Fluid-Flow ............................................................................. 103 

3.5 Conclusion .............................................................................................. 105 

Appendices .............................................................................. 107 

Appendix A – Supplemental Information for Chapter 1 ........................... 107 

Appendix B – Supplemental Information for Chapter 2 ............................ 115 



 

v 
 

1-B. Merging well and seismic data ........................................................................................ 115 
2-B. Seismic Resolution .......................................................................................................... 115 

Appendix C – Supplemental Information for Chapter 3 ............................ 129 
1-C. 2021 Sproul MCS seismic processing ........................................................................... 129 

References ................................................................................ 139 
 

 

  



 

vi 
 

List of Figures 
1) 1-1 Regional Map - Mendocino Triple Junction ...................................................... 4 
2) 1-2 Cross Section of Plate Interface Events ............................................................. 7 
3) 1-3 Example Template Matched Event .................................................................. 12 
4) 1-4 Fortuna Cluster Focal Mechanisms .................................................................. 14 
5) 1-5 Fortuna Cluster is Anomalous in Time ............................................................ 20 
6) 1-6 Fortuna Cluster Template Matched Detection Time Series ............................. 22 
7) 1-7 Schematic Relating Seismicity to Potential Causes ......................................... 26 
 
8) 2-1 Map of Palos Verdes Study Area ..................................................................... 35 
9) 2-2 Workflow for 3-Dimensional Fault Detections ................................................ 38 
10) 2-3 Comparison of Conditioned Data with Fault Detections ............................... 41 
11) 2-4 Perspective View of Fault Detections in 3-Dimensions................................. 43 
12) 2-5 Relationship of Fracture Probability with Fault Distance .............................. 46 
13) 2-6 Fracture Probability by Lithology .................................................................. 48 
14) 2-7 Fracture Probability on Horizons (Unconformities) ...................................... 51 
15) 2-8 Fracture Probability East & West of Fault ..................................................... 61 
16) 2-9 Correlation of Fault Damage and Fold ........................................................... 64 
 
17) 3-1 Palos Verdes Fault Map with Track Lines ..................................................... 74 
18) 3-2 Processing Workflow and Fault Detection Schematic ................................... 78 
19) 3-3 Comparison of MCS with Fault Detections ................................................... 80 
20) 3-4 Chirp sub-bottom Profile - Seeps & Scarp ..................................................... 81 
21) 3-5 Obliquity of the Active Strand ....................................................................... 83 
22) 3-6 Distribution of Fault Detections - North, Central, & South ........................... 87 
23) 3-7 Fault Detections and Obliquity vs. Along Strike Distance ............................ 94 
24) 3-8 Obliquity Fault Detection Stacks ................................................................... 96 
25) 3-9 Damage Stacks - Southern Section ................................................................ 98 
26) 3-10 Damage Zone vs Displacement - Comparative .......................................... 101 
27) 3-11 Fault Detections and Seafloor Seeps .......................................................... 104 
28) 3-12 Fluid System Schematic ............................................................................. 105 
 
29) A-1 Event Depth Distribution ............................................................................. 107 
30) A-2 Map of Events within 5 km of Plate Interface............................................. 108 
31) A-3 Time Series of All Plate Interface Events ................................................... 108 
32) A-4 Map Number of Template Matched Detections .......................................... 109 
33) A-5 First Motion Focal Mechanism Examples................................................... 109 
34) A-6 Comparison of Results to Existing ANSS Catalog ..................................... 110 
35) A-7 Events and Crustal Faults? .......................................................................... 111 
36) A-8 Gutenberg Richter Magnitude Distribution ................................................. 111 
37) A-9 Fortuna Cluster Weak Migration Pattern .................................................... 113 
38) A-10 Temporal Relationship of Seismicity with Borehole Strain Meters.......... 113 



 

vii 
 

 
39) B-1 Well Derived 1D Velocity Models .............................................................. 118 
40) B-2 Fault Detections in 2D and 3D .................................................................... 119 
41) B-3 Example of Well Logs, Horizons, and Reflection Profiles ......................... 120 
42) B-4 Impact of Binning on Exponential Fits........................................................ 121 
43) B-5 Bootstrap Results for Exponential Fit Parameters ....................................... 123 
44) B-6 Bootstrap Results for Exponential Fit Parameters - Lithology.................... 124 
45) B-7 Example of Constrained Lithology.............................................................. 125 
46) B-9 Fault Damage Width Comparison with Compilation .................................. 126 
47) B-9 Comparison to Other Automated Damage Detection Study ....................... 127 
48) B-10 Fracture Probability Lithologies for 4.5 of Fault Length .......................... 128 
 
49) C-1 Track Line Map - 2021 Sproul Cruise ......................................................... 133 
50) C-2 Frequency Spectral Comparison .................................................................. 134 
51) C-3 Shelf Scarp Height Measurements .............................................................. 135 
52) C-4 Histograms of Thinned Fault Likelihood from MCS .................................. 136 
53) C-5 Azimuth Distribution from Active Fault Strand .......................................... 137 
54) C-6 Estimating Displacement from Fault Length............................................... 137 
55) C-7 Shelf TFL – Subdivided by Depth ............................................................... 138 

 

  



 

viii 
 

Abstract 

Understanding Fault Damage and Slip with Marine Seismic Methods 

Travis Alongi 
 

Over nearly a century, seismology has provided valuable earthquake observation 

and information. The locations of earthquake hypocenters have helped define the 

spatial distribution of faults that host earthquakes and helped identify regions that 

may have large and damaging events in the future. However, exactly how aseismic 

slip, small earthquakes, and smaller faults are related to large events and the seismic 

cycle remains unresolved. Recent advances in instrumentation have extended research 

into the oceanic realm, which is important for at least two reasons. First, it enables the 

detection of ever smaller earthquakes that provide information about slip behavior on 

offshore portions of previously unresolved faults. Second, with ever-increasing 

resolution, marine seismic reflection images provide increasingly precise depictions 

of fault zones that are unattainable in the terrestrial environment. This dissertation is 

dedicated to better understanding the spatial distribution of faults and their potential 

to influence slip behavior and seismic cycle through the use of marine seismic 

methods. It encompasses two distinct facets of marine seismology: passive recording 

of earthquakes and the interrogation of subsurface faulting through seismic reflection 

imaging. These dual areas of investigation offer unique insights into the subsurface 

structure and the interplay of seismic and aseismic processes.  

Chapter 1 explores the enigmatic plate interface in southernmost Cascadia with the 

application of a dense array of ocean-bottom seismometers complementing traditional 
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terrestrial seismic stations. A high-quality seismic catalog is created through the 

meticulous analysis of continuous waveform data and advanced earthquake location 

techniques. The results reveal a conspicuous absence of seismic activity at 

seismogenic depths and the shallowest up dip section, indicative of high coupling or 

locking and strain accumulation increasing the magnitude potential associated with 

this fault. Notably, a cluster of low-magnitude earthquakes (M < 3) is identified near 

the plate interface, exhibiting a response to nearby strain transient observed in prior 

studies. These strain transients are interpreted as either the tail end of a slow slip 

event spanning the preceding one and a half years or a rapid change in coupling. 

Template matching of these plate interface earthquakes demonstrates their 

uniqueness, with no recurrence over the observed decade. The correlation between 

the sudden onset of clustered earthquake activity and strain transient suggests that the 

two are related, and the interpretation is made that the cluster of earthquakes is a 

response to local stressing rate changes. Chapter 1 provides critical insights into the 

southern Cascadia plate interface, shedding light on the complex interactions between 

seismic behavior and slow slip events. 

In Chapters 2 and 3, this dissertation examines the shallow near-surface portion of 

the fault zone, with a specific focus on the spatial distribution of secondary faults 

surrounding the primary fault. This damaged area around the main fault provides an 

important window into comprehending the inelastic response of the Earth’s crust to 

strain, the allocation of fracture energy in the earthquake energy budget, near-fault 

hydrogeology, and for near-field hazards. The dimensions, both in width and depth of 
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the damage zone are important in addressing these science questions. The primary 

objective of these two studies is to gain insight on the in-situ expression of the fault 

damage with marine controlled source seismic reflection images, an approach which 

had not been fully explored prior. The advantage of this data type lies in its ability to 

provide rich and dense sampling of the subsurface and the capability to directly image 

fault offsets over substantial distances that are often unattainable through other 

means. To achieve a comprehensive understanding of the damage zone, ranging from 

the seafloor to the basement, roughly 2 kilometers below, marine active source 

reflection surveys of varying resolutions are employed. Both Chapters 2 and 3 focus 

on the San Pedro Shelf region of the Palos Verdes Fault offshore southern California 

because of the richness in available reflection datasets and the opportunity to address 

unanswered questions about the generation of fault damage. 

Chapter 2 focuses on examining the damage zone of the Palos Verdes Fault using 

2 overlapping 3D seismic volumes and demonstrates the development of a workflow 

for automating fault detections. Automation is achieved through the implementation 

of multi-trace waveform similarity or semblance-based attribute called thinned fault 

likelihood (TFL). These results reveal peak fault likelihoods at the location of 

mapped fault strands, with fault likelihood exponentially decaying with distance from 

the fault. Importantly, this decay with distance intersects a relatively undamaged 

region or background at 2 kilometers from the fault across all depths (ranging from 

450 m to 2.2 km). Lithological constraints are provided by well tied 3D horizons, and 

damage decay trends are for each geologic unit. Notably, the findings indicate an 
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overall increase in background damage with increasing depth. In addition to 

background damage increasing with depth, it is demonstrated that the decay of 

damage also decreases with increasing depth. This surprisingly, results in a consistent 

damage zone width of 2 kilometers regardless of the variability in background 

damage and decay trends. 

Chapter 3 investigates the shallowest portion of the Palos Verdes Fault damage 

zone which could not be fully explored in Chapter 2. This section leverages newly 

collected 2D high-resolution sparker multichannel seismic lines and sub-bottom 

profiles (chirp). Resolving the challenges of imaging in shallow water profiles is 

achieved through the development of custom seismic processing workflows designed 

to eliminate the ringing and overprinting of seismic waves trapped in the water 

column. Similar to Chapter 2, a semblance-based technique is used to identify 

discontinuities in the seismic images associated with faults and fractures. The analysis 

of fault perpendicular TFL profiles yields a diverse pattern of damage in the vicinity 

of the fault on adjacent profiles. In this study we define and map the active fault 

strand determined by the offset of the near seafloor sediment beds. An average pattern 

of damage decreasing with distance from the fault is shown by stacking fault 

perpendicular profiles with respect to the active fault. The stacked profiles reveal that 

damage decreases with distance both east and west of the fault. Notably, the peak of 

stacked fault damage occurs within roughly 50 meters of the active fault strand, with 

splay faults manifesting as secondary peaks in the stacked results. The width of the 

damage zone along the slope appears to align with power law displacement scaling 
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relationships established by previous compilation studies. However, the significant 

reduction in damage zone width and intensity towards the south may be better 

attributed to the reduced obliquity of fault in that direction. In contrast to canonical 

strike-slip models, the presented data suggests compelling evidence that the damage 

zone does not widen as it approaches the surface, a characteristic that may distinguish 

syndepositional submarine fault’s structure. Furthermore, there is an apparent 

correlation between fault damage and seafloor seeps that are visibly evident in the 

water column. This correlation strongly implies that damage plays a role in 

controlling fluid flow around the fault. 
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Chapter 1 – Probing the Southern Cascadia Plate 
Interface with the Dense Amphibious Cascadia 
Initiative Seismic Array 

1.1 Introduction 

Fault coupling is a critical component of the overall seismic cycle because regions 

of enhanced strain accumulation have frequently been spatially correlated with high 

coseismic slip. Relative plate motion is accommodated in earthquakes, slow slip 

transients, and longer-term coupling or creep. The interaction of these different 

modes of motion are still not well understood (Walton et al., 2020). The canonical 

model of the subduction zone includes a highly coupled megathrust, composed 

predominantly of large velocity weakening asperities that are surrounded by velocity 

strengthening regions that may slip aseismically (Bilek et al., 2004; Lay et al., 2012). 

The moment of the earthquake scales with the area of slip on the fault. Cascadia has 

sparse seismicity and infrequent historic great earthquakes, however when great 

events occur, they rupture a significant area of the margin (Satake et al., 2003). It is 

unsurprising that in Cascadia the seismogenic section is highly coupled extending to 

depths of ~ 20 km (Hyndman, 2013; Schmaltze, 2014; Li et al., 2018, Pollitz and 

Evans, 2017). Coupling models show that the degree of coupling is spatially variable 

along strike, and it is thought that regions of elevated coupling are stress 

concentrations and have more available strain energy and could be potential 
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nucleation sites for future earthquakes (Lapusta and Rice, 2003; Dieterich, 1986; 

Segall and Bradley, 2012).  

The seismogenic portion of the megathrust may be bound both up-dip and down 

dip by a zone exhibiting transitional behavior of conditional stability and 

heterogeneity (Gao and Wang, 2017; Schwartz and Rokosky, 2007). The down dip 

transition zone has been shown to host spatio-temporal coincident slow slip events 

and tremor, known as episodic tremor and slip events (ETS) in Cascadia (Dragert, 

2001; Shelly et al., 2007; Brudzinski & Allen, 2007, Barlow et al., 2011). This model 

is supported by time averaged geodetic locking models that indicate that the Cascadia 

megathrust is less coupled at depths deeper than 20 km (Shmalzle et al., 2014; Pollitz 

and Evans, 2017; Bartlow 2020). The level of updip offshore locking is poorly 

determined by land based Global Navigation Satellite System (GNSS) stations, and 

there is much uncertainty concerning the shallow updip plate interface coupling 

(Wang and Trehu, 2016). The extent and magnitude of shallow coseismic slip 

controls tsunami excitation. The amount of updip coupling is critical in determining 

the absolute amount of strain accumulated along the megathrust and thus the 

magnitude of the impending great Cascadia earthquake.  

In early 2014, southern Cascadia experienced a significant strain transient in the 

gap between the ETS and the highly coupled megathrust. (Materna et al., 2019; 

Haines et al., 2019; Nuyen and Schmidt, 2021). The 2014 strain transient was 

observed as a rapid increase in east-ward GNSS displacements, and interpreted as a 
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time-dependent increase in coupling (Materna et al., 2019) or the end of a long-term 

slow slip event that began 1.5 years prior (Nuyen and Schmidt, 2021). The precise 

timing of velocity changes is poorly resolved with uncertainty of several months. 

Improving the time resolution of such long-term strain changes may be beneficial in 

determining their mechanism. 

Seismicity is an indicator of strain rate changes, or a perturbation to the stress field 

(Dieterich, 1994, Nadeau and McEvilly, 2004). This concept is demonstrated by the 

spatio-temporal correlation of geodetically determined slip and seismic observations 

of slip by tremor and near repeating earthquakes. This strong correlation has been 

leveraged to increase resolution and detection of smaller amplitude transient slow slip 

events (Burgmann, 2018; Frank and Brodsky, 2019; Rouet-Leduc et al., 2019; Shelly 

et al., 2007; Bartlow et al., 2011; Uchida et al., 2020; Walter et al., 2013; Shaddox 

and Schwartz, 2019; Igarashi et al., 2003). It follows that if there is a change to the 

stress field through a strain transient (long-term slow slip event or plate interface 

coupling change) that it may have an observable seismic signal.  

To address the outstanding scientific questions of the level of updip coupling and 

whether long-term strain transients can be observed seismically in southern Cascadia 

(Fig. 1-1), we generate a high-resolution catalog and critically analyze events near the 

plate interface. We use our catalog of microseismicity to characterize the mechanical 

behavior of the plate interface and show that the shallow plate interface is likely 

highly coupled due to scarce seismicity. We also compare our catalog of plate 
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interface seismicity to geodetic long-term strain transient observations and show a 

temporal correlation, providing support for the utility of seismic observations to 

detect and refine timing of strain transients. 

Fig. 1-1. Regional map of the Mendocino Triple Junction area in Northern California. 
Inset map shows the northern west coast where the study region is indicated by the 
green box, plate boundaries are shown in red, and two regional earthquakes that occur 
outside the time of the study are indicated(see discussion 4.4). Main map region 
showing shaded relief topography and bathymetry. Plate interface contours indicated 
with dark dashed lines and annotation are depth to interface (McCrory et al., 2012). 
Earthquake locations (this study) are circles that are scaled by magnitude and colored 
by depth. White cross section lines as shown in Fig. 1-2. Gray ellipse with pink 
dashed outline indicates area of strain transiets(Materna et al., 2019; Nuyen and 
Schmidt, 2021). Dashed yellow box shows the Fortuna Cluster. Triangles denote 
seismic stations used; blue for Cascadia Initiative (CI) ocean bottom seismometer 
(OBS), green for CI-short period land stations, and permanent Northern California 

1) 1-1 Regional Map - Mendocino Triple Junction 
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Seismic Network Stations (NCSN) shown in orange. PBO-strain meters shown in 
light blue.  

1.2 Tectonic Setting and Data 

1.2.1 Tectonic Background 

The Cascadia Subduction Zone is in the Pacific northwest of the US and Canada. 

The oceanic Juan de Fuca Plate (JDF) subducts obliquely beneath the overriding 

continental North American Plate at a rate of 30 - 45 mm/yr, from the south to the 

north, respectively (McCaffrey et al., 2007 or Demets et al., 2010). The Cascadia 

trench trends approximately north-south and spans nearly one thousand kilometers, 

extending from the Queen Charlotte triple junction, offshore Vancouver Island in the 

north to the southern terminus at the Mendocino Triple Junction offshore Northern 

California. The Cascadia Subduction Zone is proximal to the spreading ridge 

compared to other subduction zones. It represents the warm subduction zone 

endmember, and as such, the JDF is young, warm, thin, and buoyant as it enters the 

trench. In southern Cascadia, the spreading center is closer to the trench resulting in 

distinct behavior. This portion of the JDF is known as the Gorda plate. The Gorda 

plate's dip varies near the Mendocino Triple Junction, shallowing at about 15 km and 

increasing again at 25 km (McCrory et al., 2012), clearly seen in the plate interface 

contours in Fig. 1-1. A significant portion of Cascadia seismicity occurs in the 

southernmost region, within the highly deformed Gorda plate. The largest Gorda plate 

earthquakes occurring as strike-slip events accommodating north-south compression 

(Gulick et al., 2001). 
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1.2.2 Data 

The Cascadia Initiative (CI), a community-driven, National Science Foundation 

funded experiment, deployed a temporary, transportable array of onshore/offshore 

seismometers to understand the Cascadia Subduction Zone plate boundary (Toomey 

et al., 2014). Here we utilize the data from the fourth and final leg of the experiment, 

focused on southern Cascadia with approximately 10 km seismic station spacing (Fig. 

1-1). The deployment consisted of 19, 3-component broadband ocean bottom 

seismometers (OBS - network code 7E) atop the continental shelf and slope recording 

at sampling rates between 50-125 Hz, depending on the instrument design. The OBS 

operated continuously from July 2014 – September 2015, and six of the instruments 

were equipped with absolute pressure gauges, though not used for this study. The 

onshore deployment included 11, 3-component short period instruments sampling at 

100 Hz, focused near the coast, near the Mendocino Triple Junction and operated 

from September 2014 – September 2015 (network code 5E). Continuous waveform 

data from 14 permanent Northern California Seismic Network (NCSN) stations 

closest to the triple junction were also used throughout January 2010 – January 2020. 

1.3 Methods & Results 

1.3.1 Catalog Generation 

1.3.1.1 Manual Pick and Initial Locations 

We build a catalog by manually picking P-phase arrivals on continuous waveform 

data by visual inspection of vertical components of the seismograms. The events were 

initially located using the dbgenloc algorithm in Antelope (Pavlis et al. 2004) using a 
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1D velocity model befitting a subduction zone setting. We calculate local magnitudes 

within Antelope (mlrichter) and retain these magnitudes throughout the subsequent 

relocation steps. Manual picking of events resulted in 1900 earthquakes identified 

during the deployment (July 2014 – Sept 2015). 

2) 1-2 Cross Section of Plate Interface Events 

 

Fig. 1-2. Cross sections as indicated in Fig. 1-1. The solid yellow line indicates the 
location of the plate interface (McCrory et al., 2012). Dashed lines show +/- 5 km 
from the plate interface. Cross sections include all relocated events within 7 km of the 
cross section as open circles. Colored circles indicate template events that occur 
within the +/-5 km around the interface that found matches, in match filtering. The 
pink circles denote events that were used for template matching of clusters of events 
located below temporary station CM04A that represent a significant fraction of 
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interface events (Fortuna Cluster). The green circles indicate other template events 
that found matches. A - A’ (top) B - B’ (bottom). 

3.1.2 Relocation using a 3D Velocity Model 

Strong regional lateral velocity contrasts exist due to proximity to the Mendocino 

Triple Junction. For improved absolute locations, events were relocated using a 3D 

velocity model (Hole et al., 2000), determined in an active source seismic refraction 

survey. Only events within the bounds of the velocity model (east of -125W and 

south of 41N) were relocated and retained. We assigned velocities in a cubic lattice at 

nodes with horizontal and vertical spacings of 7 and 3 kilometers, respectively and 

performed the relocation using the simul2000 algorithm (Evans et al. 1994). 

Velocities deeper than 27 km were set to a constant 8.55 km/s. At this step, 1452 of 

the manually picked events were relocated and retained. The median root-mean-

square misfit for the dataset at this step was 0.16 seconds. 

3.1.3 Relative Event Relocation 

Relative locations were refined with the GrowClust algorithm (Trugman and 

Shearer, 2017). This method clusters events hierarchically then relocates them 

relatively using inter-event cross-correlation values and differential travel times. 

Unmodeled velocity perturbations and outliers are mitigated with this method. Since 

the algorithm minimizes against the L1 norm, it is less sensitive to outliers. We only 

cluster and relocate events that meet the criteria for cross-correlation (cc > 0.2 for 

event pair at common station) and distance (max station distance 200 km). At this 

step, 1134 of the events were relocated and others retained their initial location (a 
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final event count of 1452). GrowClust uses the non-parametric resampling technique 

(Efron and Tibshirani, 1994) to estimate location uncertainties. The median horizontal 

and vertical errors are roughly 400 m. Our final locations are shown in Fig. 1-1. 

1.3.2 Template Matching Plate Interface Events 

Events near the plate interface may be a probe into the stress state of the 

neighboring plate boundary. The focus of our study is earthquakes on or near the 

plate interface and their temporal behavior and potential relationship to other modes 

of slip on the interface. We use the high-quality locations to identify events that are 

within the approximate uncertainty (5 km) of the plate interface model from McCrory 

et al. (2012). There are 526 events that meet these criteria. Fig. 1-2 shows events 

plotted in cross section, and most events near the interface are deeper than 15 km (see 

Fig. A-1 for a histogram showing the distribution of event depths that are within 5 km 

of the plate interface). Since we are interested in investigating the long-term temporal 

behavior of the interface region (beyond the limited 15-month duration of the CI 

deployment) we select only those events that have at least three P-phase arrivals on 

permanent NCSN seismic stations to perform template matching. Using 3 or more 

stations increases confidence that a template matched detected event has a similar 

location as the template. Two hundred events meet this requirement and serve as 

template waveforms for match filtering over continuous waveform data (a map 

showing template event locations is shown in Fig. A-2). Match filtering techniques 

exploit the fact that seismograms are a convolution of source, path, and receiver 

filters, and it follows that the seismogram of two events with similar location and 
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faulting recorded at the same station will have a similar ray path, and thus similar 

waveforms and high inter-event cross correlation values. The plate interface template 

events help identify other nearby events over the timespan of January 2010 - January 

2020, allowing us to explore the temporal and evolution behavior of these plate 

interface events. 

We carry out the template matching using the EQcorrscan python package which 

has the advantages and capabilities of parallelization, several quality control methods 

to limit spurious detections, and performs normalized multi-channel cross correlation 

over day-long waveform segments (Chamberlain et al., 2017). We preprocess all 

waveform data, templates, and continuous waveform data, by applying a zero-phase 

4th order 3 to 10 Hz bandpass filter, down sampled to 25 Hz. The template events are 

trimmed to 0.15 seconds before the P-pick to a total duration of 4.6 seconds. Our 

criteria for detections are that the matched event must have an average cross-

correlation coefficient greater than 0.6 and a median absolute deviation greater than 

10. We set these criteria to ensure that templates and detections are nearby (Geller 

and Mueller, 1980; Fremont and Malone, 1987). In the template matching routine, we 

remove channels with spurious data-spikes as they will cause errors in the cross-

correlation calculation. Following match filtering, the detection catalog is post-

processed. We remove duplicate detections that occur when multiple templates match 

with the same detection and retain the detection with the highest inter-event cross-

correlation value. Additionally, we scan the catalog for detections that occur within 2 
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seconds of each other, again saving the event with the highest inter-event cross 

correlation value. See an example of detection and template in Fig. 1-3. 

Template matching of the 200 templates finds 2363 unique detections over the 

time span of January 2010 - January 2020 (see Fig. A-3 for a time series showing all 

detections). 1519 of these detections are made with 106 templates that occur clustered 

below CI station CM04A near Fortuna, northern California (and clearly anomalous in 

Fig. A-4), while the remaining 94 plate interface template events identify 844 unique 

detections. There are roughly the same number of templates generated within the 

cluster as there are in aggregate around the remaining plate interface; however, the 

cluster templates identify nearly 2 times more detections. The cluster of events 

accounts for roughly 10% of our catalog's total number of events and is confined to a 

small volume approximately 3 km in radius (Fig. 1-1) The cluster exhibits noteworthy 

temporal clustering as well. There were no detections prior to February 2013, and 

only a handful of events occurred before activity abruptly increased in February 2014 

and continued for 2 years. This cluster of events, hereon referred to as the Fortuna 

cluster, is anomalous in temporal behavior and in the density of events in space. The 

Fortuna cluster’s association with other plate interface observables are discussed in 

further detail in the Discussion section. 



 

12 
 

3) 1-3 Example Template Matched Event 

 

Fig. 1-3. An example of template matching results. Template waveform shown in red 
overlain on detecting waveform in black. Amplitudes are normalized by their 
maximum. This match was detected on seven channels of permanent Northern 
California Seismic Network stations, the detection has an average cross correlation 
value of 0.9. The template event occurred on 2014-12-23 and this event was detected 
2014-3-2, which is the approximate time that the Fortuna cluster initiates. 

 

1.3.3 Determining Faulting Geometry 

To discriminate interplate from intraplate events within the Fortuna cluster, we 

generate focal mechanisms. We employ the first motion polarity inversion method of 

HASH (Hardebeck and Shearer, 2002), which is a routine method of small 

mechanism determination and accounts for errors in location, velocity model, and 

possible polarity mis-picks. Here we specify a maximum azimuth gap of 90° and a 

minimum of 7 polarities to grid search for preferred double couple solutions. We 

presume that most of our polarities are accurate (0.05 polarity errors) due to manual 
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inspection on all stations (CI & NCSN) in the snuffler - pyrocko package (Heimann et 

al., 2017), which allows for fine tuning filters actively while examining the 

waveforms, allowing us to ensure stability of the polarity from lower to higher 

frequencies. The magnitude of these events ranges from magnitude 0 - 3. Mechanisms 

were successfully calculated for 37 of the 106 template events, though we only 

interpret events that are “C” quality and better. We generate 8 and 5 C and B quality 

mechanisms respectively, refer to Hardeback and Shearer (2002) for a description of 

mechanism quality. Fig. 1-4 shows a map with these event focal mechanisms. There 

is a diversity of faulting geometry with both strike slip and dip slip events occurring, 

and examples of each plotted with first motion arrivals on a stereonet can be found in 

Fig. A-5. 
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4) 1-4 Fortuna Cluster Focal Mechanisms 

 

Fig. 1-4. Zoom in of the Fortuna seismicity cluster (location indicated by yellow box 
in Fig. 1-1). Focal mechanisms are first motion determined and inverted with HASH. 
Blue mechanisms indicate “B” Quality, Red are “C” quality. Also included are all 
relocated events in the area colored by depth. 

1.4 Discussion 

1.4.1 Comparison with Other Catalogs 

We create a high-resolution catalog of 1452 events to help identify earthquakes 

that occur near the plate interface, including smaller events not identified previously. 

Over the same time (July 2014- October 2015) and region (40 to 41N / -123 to -

125W) as this study, the NCSN high-quality double-difference catalog contains 446 

events, and the Advanced National Seismic System (ANSS) catalog includes 552 

events. We increased the number of identified events by a factor of 3 (Fig. A-6, for a 
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comparison of the catalog from this study and ANSS catalog). Our catalog also 

improves the magnitude of completeness over the ANSS catalog from 1.75 to 1.5 

(Fig. A-8). Completeness was calculated using the maximum curvature method. This 

newly created catalog is a clear improvement on the existing routinely generated 

catalogs. 

This catalog is the first to fully include the year 4 densely spaced CI amphibious 

data. The events in our catalog were picked manually by human analysts and include 

low magnitude events (ML 0-3.5) that are easily missed by automated methods. Our 

events are located with the best available 3D velocity model (Hole et al., 2000), and 

event locations are improved with cross-correlation based relative relocation methods. 

Chen and McGuire (2016) investigated seismicity in southern Cascadia using CI data; 

however, the data they used were from the September 2012 to February 2013 phase 

of the deployment which had much larger station spacing and did not include the 

additional land stations deployed in 2014. Using STA/LTA ratios the same 3D 

velocity model and TomoDD double difference relocation method they created a 

catalog of 1137 earthquakes. Their area of investigation extended much further west 

and included many more events along the seismically active Mendocino Fracture 

Zone, which were not the focus of this study. Stone et al. (2018) used data from the 

complete 4-year duration of the Cascadia Initiative to explore the distribution of 

seismicity along the entire Cascadia Subduction Zone, though the study focused on 

latitudes north of 41°N, thus omitting southern Cascadia (40°N - 41°N). Our newly 
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generated catalog fills and complements the existing Cascadia Initiative experiment 

studies. 

1.4.2 Seismicity Trends 

Our high-resolution earthquake catalog illuminates many interesting seismicity 

features and trends. Diffuse clouds of seismicity generally relocate to tight and linear 

clusters (highlighted in Fig. A-7). Seismicity delineates the Mendocino Fracture 

Zone, which is partially creeping (Materna, et al., 2018). Relatively few events are 

located within the upper plate, and it is challenging to associate events with mapped 

USGS quaternary active faults. However, several of the events and linear features are 

consistent with the trend of many of the mapped quaternary faults (Fig. A-7). 

Apart from the Mendocino Fracture Zone, other linear trends of seismicity are at 

depths consistent with occurring within the Gorda slab and are oriented sub-parallel 

to the trend of the San Andreas Fault, upper plate mapped active faults, and strike-slip 

faults on the incoming Gorda plate. The most notable of these features appears near 

the Mendocino Triple Junction in the Gorda slab as a continuous band of seismicity 

extending over 30 km in length (Fig. A-7). These events are observable in existing 

catalogs but as diffuse seismicity; here they clearly delineate a fault. Chen and 

McGuire (2016) also noticed this localized region of earthquakes and pointed out that 

events along this fault, within the oceanic mantle, had an order of magnitude higher 

stress drops than events located shallower near the plate interface. These trends of 
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seismicity may be delineating a fabric within the Gorda slab that is also expressed in 

faulting in the upper plate.  

There is a general absence of seismicity near the shallow interface (shallower than 

15 km) during the period of investigation (Fig. 1-2), indicating that the plate 

boundary is either highly coupled and accumulating strain or stably sliding. If the 

interface were stably sliding without earthquakes, it would require homogeneous 

velocity strengthening materials and no velocity weakening asperities, which has not 

been documented. Alternatively, the interface could have velocity weakening 

asperities that are too small in area or slip that the magnitude would be below the 

limits of our observations. Another possibility is that the shallow updip region is in a 

stress shadow of high coupling in the seismogenic zone below this depth and thus 

kinematically locked (Lindsey et al., 2021). While we acknowledge that the shallow 

region could be sliding completely aseismically, we favor locking because the 

configuration of the seismic array provided excellent coverage offshore and 

maximum detectability of events and a thorough examination shows extremely sparse 

seismicity. The probable high coupling of the megathrust from the trench to the 

downdip limit of locking has implications for earthquake and tsunami modeling 

efforts. The larger area of locking implies that there is a larger area accumulating 

strain and a larger impending rupture area, and thus a larger magnitude than if this 

updip area was less coupled and creeping. Additionally, if the toe of the subduction 

zone is accumulating strain, then more shallow slip will occur and displace a greater 

volume of the overlying ocean, exciting a larger tsunami (Lay et al., 2019).  
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Although the shallowest portion of the megathrust is mostly devoid of seismicity, 

there are 526 events that are located within 5 km of the plate interface. These near 

plate interface events are small with magnitudes between 0 and 3.4, the mean 

magnitude for these events is 1.2 +/- 0.6. Most events near the plate interface occur 

deeper than 15 km, with a mean depth of 20.8 +/- 3.2 km (see Fig. A-1). The depth of 

the majority of the near plate interface events coincides with the transition from a 

high to low coupled plate interface at about 20 km (the lower limit of the seismogenic 

zone) (Hyndman, 2013; Schmalzle, 2014), as well as shallowing of the dip of the 

plate interface (see interface contours on Fig. 1-1). The most noteworthy near plate 

interface events occur in the Fortuna cluster of 146 earthquakes, which is 10 % of the 

entire catalog, located at 40.6 N / 124.1 W, 20 km beneath Fortuna, California 

(yellow box in Fig. 1-1). This cluster accounts for a significant fraction of the 

seismicity in the study area and is spatially concentrated, confined to an ~30 km2 

area.  

1.4.3 Fortuna Earthquake Cluster 

The Fortuna cluster is located directly beneath the temporary CI station CM04A, 

near the interface. Locations are well determined due to the close station spacing and 

good azimuthal coverage in this area. The events appear to form two distinct clusters, 

one centered at a depth of 17 km and the other at 22 km depth (Fig. 1-2a). To 

determine if this cluster is unique in time, we examined seismicity in the area from 

the ANSS catalog over the last 40 years from 1980 to 2020 (Fig. 1-5). This cluster of 

seismicity is clearly visible in the ANSS catalog only during the 2014-15 time period 
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(indicated in Fig. 1-5a). A closer examination of the volume surrounding this cluster 

reveals that it may have had a burst of seismicity toward the end of 1982 (Fig. 1-5b) 

but is quiet at all other times. The cluster straddles the plate interface (pink circles in 

Fig. 1-2) of McCrory et al., 2012. The event locations and depths are consistent with 

the proposed downdip limit of high coupling in Cascadia (Hyndman, 2013; 

Schmalzle, 2014). Near this cluster, the McCrory slab morphology is unusual dipping 

concave up rather than continuous concave down geometry observed elsewhere along 

the Cascadia margin. 

There is a diversity of faulting geometry for well-constrained focal mechanisms in 

this cluster, in that there are both strike-slip and dip-slip earthquakes (Fig. 1-4). The 

strike-slip mechanisms are oriented similarly to large strike-slip earthquakes that have 

been observed in the incoming Gorda plate (Gulick et al., 2001; Chaytor et al., 2004) 

and oriented sub-parallel to the strike of the San Andreas fault, suggesting a 

reactivation of a preexisting structure or merely response to the regional stresses. The 

thrust focal mechanisms are consistent with the relative plate motion between the 

subducting and overriding plates. The variety of focal mechanisms leads to tenuous 

seismotectonic conclusions. However, the complexity of focal mechanisms indicates 

that these events do not occur on a single fault with a consistent sense of motion; they 

do not represent rupture of a single repeating asperity. The diversity of focal 

mechanisms indicates that the events are responding to a complex regional stress field 

and possibly reactivation of a pre-existing fabric. 
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5) 1-5 Fortuna Cluster is Anomalous in Time 

 

Fig. 1-5. (a) Advanced National Seismic System (ANSS) Comcat catalog over the 
bounds of the study area 40°N to 41°N/125°W to 123°W, showing event latitude as a 
function of time. Fortuna cluster (40.6°N) clearly anomalous in 2014. (b) Plot 
showing events from ANSS 1980–2020 activity in 10 × 10 × 10 km3 volume 
centered on Fortuna cluster (40.6°N/123.1°W/20 km depth). Note the sparse activity 
prior to 2014, which drastically increased starting March 2, 2014, which is shown 
clearly on the (c) plot. 

Magnitudes of events within this cluster are between 0 and 3.5, and events do not 

show a clear mainshock-aftershock magnitude distribution nor an Omori like 
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aftershock sequence (Fig. 1-5c), suggesting swarmogenic behavior (Mogi, 1963; 

Vidale and Shearer, 2006; Nishikawa and Ide, 2017). Our catalog reveals that the 

duration of this cluster is several years (2014-2017, Fig. 1-6) which is longer than 

swarm activity occurring in other regions. Swarms have been reported to typically 

last on the order of weeks to a few months (Xue et al., 2018; Miller et al., 2004; 

Lohman and McGuire, 2007; Roland and McGuire, 2009; Vidale and Shearer, 2006). 

However, recently a long-lived swarm, ~4 years in duration, has been documented in 

southern California (Ross et al., 2020) that is closer to the duration of the persistent 

activity in this study. The swarm in Ross et al. (2020) exhibits a clear expanding 

migratory pattern that is inferred to be fluid driven and structurally guided. Our study 

differs vastly in that we have identified many fewer events and only weak northwest 

to southeast migratory behavior (Fig. A-9). Cascadia does not have any documented 

tectonic swarm activity (Holtkamp and Brudzinski, 2011; Nishikawa and Ide, 2017). 

The long duration of activity, absence of clear fluid induced migration, and lack of 

spatio-temporal correlation with documented slow slip events make us hesitant to 

classify the localized seismicity here as a swarm. Instead, we prefer to refer to it as a 

seismicity cluster. Another example of an isolated seismicity cluster in space and time 

was recently documented in northern Cascadia. Merrill and Bostock (2019) identified 

an earthquake nest located in the Juan de Fuca mantle at depths greater than 60 km 

and concentrated in a 30 x 10 x 10 km3 volume. Generally, nests are classified as 

intraslab intermediate depth seismicity that persists for decades (Prieto et al., 2012). 

Our cluster is confined to a ~ 6 x 6 x 6 km3 region with depths between 17 - 23 km, 
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therefore it does not fit the definition of an earthquake nest. The proximity of this 

locus of events to the plate interface suggests that it is likely experiencing a similar 

stressing field as the plate interface. 

6) 1-6 Fortuna Cluster Template Matched Detection Time Series 
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Fig. 1-6. Time series showing template matched detections for templates in the 
Fortuna cluster. Template matching was performed over the time period of Jan. 2010 
through Jan. 2020; the first detection occurred in Feb. 2013, and detections increased 
significantly in Feb. 2014. There were 106 template events used here to identify 1519 
unique detected events. The green markers are detections where marker size is scaled 
by the number of channels used in detections, ranging from 3 to 11 channels, smallest 
to largest respectively. The events with cross-correlation values = 1 are templates 
finding themselves in continuous data. Purple curve shows the cumulative number of 
detections. Blue vertical lines indicate the approximate timing of maximum moment 
of Southern Cascadia slow slip events from Michel et al., 2019. Yellow and red 
vertical lines indicate the timing of large regional earthquakes (Fig. 1-1) and 
approximate timing of long-term strain transient from Materna et al. (2019). Light 
blue region highlights Cascadia Initiative OBS deployment, light pink region 
highlights Cascadia Initiative land deployment, and the purple area is the overlap of 
both datasets. 

1.4.4 Fortuna Cluster and Strain Transients 

Template matching of the 106 events within the Fortuna cluster over the timespan 

of 2010 - 2020 identifies over 1500 newly detected events (Fig. 1-6). Most of these 

new detections are concentrated in time. This confirms the finding of the ANSS 

comprehensive catalog (Fig. 1-5c) that the cluster region was primarily active during 

a short interval of time around 2014-2016 with little to no seismic activity outside of 

this period. The timing of this near-interface seismicity does not appear to correlate 

with southern-Cascadia slow slip events (Fig. 1-6) that occur down-dip of this cluster 

(Michel et al., 2019); suggesting that the cluster is not sensitive to or driven by 

downdip slow slip events.  

There is a temporal correlation between the Fortuna cluster and long-term regional 

strain transients (Fig. 1-6) (Materna et al., 2019; Haines et al., 2019; Nuyen and 

Schmidt, 2021). Materna et al. (2019) and Nuyen and Schmidt (2021) identified two 

abrupt velocity changes (early 2014 and early 2017) in the southern Cascadia GNSS 
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time series. They modeled these velocity changes as variations in slip on the 

megathrust at a depth of ~30 km in the gap between the episodic tremor and slip zone 

and the down-dip limit of the highly coupled zone (Gao and Wang, 2017), ~ 40 km 

from the Fortuna cluster. These changes bracket the time that the Fortuna seismicity 

cluster is active, and seismicity rate rapidly increases in February 2014. Nuyen and 

Schmidt (2021) propose that the 2014 GNSS velocity change was the rapid arrest of a 

long-term slow slip event, which started in mid-2012. Alternatively, Materna et al. 

(2019) attribute the 2014 regional GNSS velocity change to a dynamically triggered 

increase in megathrust coupling occurring in response to the 2014 March 10, M 6.8 

offshore strike-slip earthquake (Fig. 1-1). Before the 2014 earthquake, Materna et al. 

(2019) observe steady velocities. Materna et al. (2019) speculate that the 2014 

velocity change occurs as fluids are liberated from the region in response to the 

passage of seismic waves that reduces pore-pressure and increases effective normal 

stresses, decreasing the ability of the plate interface to slide stably (Fig. 1-7). The 

most substantial GNSS velocity change occurs in early 2014 and reflects either an 

increase in coupling or the termination of the 1.5-year long-term slow slip event. A 

more recent long-term strain transient occurred near the end of 2016 and beginning of 

2017, indicated by a reduced eastward velocity and interpreted as a decrease of 

coupling on the plate interface (Materna et al., 2019) or the onset of a long-term slow 

slip event (Nuyen and Schmidt, 2021). This motion change also conspicuously 

coincides with a large M 6.6 regional earthquake on 2016 December 8 on the 

Mendocino Fracture Zone (Fig. 1-1). As with the previous strain transient, Materna et 
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al. (2019) speculate that this has occurred in response to dynamic triggering by a 

large regional earthquake. This velocity change occurs as the Fortuna cluster 

seismicity rate decreases. 

Since the Fortuna seismicity cluster is unique in time and temporally correlated 

with GNSS strain transient observations, we surmise that the two observations are 

related and that we can therefore obtain better temporal resolution of the long-term 

strain transient using the onset time of the seismicity cluster. The cluster suddenly 

initiates about one month before the 2014 M 6.8 earthquake and continues through 

early 2017, at which time Fortuna cluster seismicity terminates (Fig. 1-6). An abrupt 

strain transient on nearby borehole strainmeter stations B045 and B933 (locations 

shown in Fig. 1-1) occurs in February 2014 when the seismicity cluster initiates (Fig. 

A-10) and supports that the onset of the 2014 strain transient precedes the M 6.8 2014 

earthquake. However, exactly how the Fortuna seismicity cluster and increased 

eastward motion relates to the strainmeter transient is unclear from only two 

observations. 
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7) 1-7 Schematic Relating Seismicity to Potential Causes 

 

Fig. 1-7. Cartoon schematic cross section representation of observations described in 
the discussion section. Region of strain transient (coupling increase or the termination 
of a long-term slow slip event) is intermediate between the downdip limit of locking 
and the episodic tremor and slip region (ETS). Seismicity clustered near the downdip 
limit of locking is activated contemporaneously with the strain transient. The two 
observations are temporally correlated and we speculate that the cluster is the seismic 
manifestation of the strain transient. Also shown is the coupled region of the plate 
interface extending all the way to the trench, which is suggested by the lack of plate 
interface seismicity. Modified after Materna et al., 2019. 

 

What is clear is that the Fortuna seismicity cluster occurs on and close to the 

megathrust in a region of slab distortion that is sensitive to plate interface stress 

perturbations. It is uniquely bracketed in time by a period of increased eastward 

GNSS velocity, attributed to a period of increased locking or between long-term slow 

slip events. The diversity in faulting geometry suggests that this cluster occurs in a 

region of a stress concentration. Although we cannot conclusively determine the 

Fortuna cluster's driving mechanism, it is likely either driven by fluids liberated from 

the region of coupling increase or by stress transfer attributed to relocking following a 
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long-term slow slip event (Fig. 1-7). In either case, the Fortuna cluster appears related 

to and may indicate the long-term plate interface strain transients. Similar to the way 

tremor is used as a timing proxy for slow slip events, earthquake clusters may be 

useful as a timing proxy for coupling changes and provide further insight into the 

range of plate interface behavior.  

1.5 Conclusions 

We construct a 15 month (July 2014-October 2015) high resolution earthquake 

catalog for the southernmost Cascadia margin near the Mendocino Triple Junction. 

This catalog demonstrates a clear lack of seismicity in the shallow updip plate 

interface region. This absence of seismicity along the shallow interface suggests that 

the interface is highly coupled. We also observe a cluster of events that locates near a 

contortion in the plate interface at the downdip limit of the highly coupled 

seismogenic zone. Using template matching, we investigate this cluster’s activity 

during the extended period between 2010-2020. We detect over 1500 events that 

occur within a 3-year period (2014-2017) bracketed in time by an abrupt GNSS 

increase in eastward velocity that has been interpreted as a coupling increase, or 

between long-term slow slip events. We speculate that the seismicity is a response to 

the strain transient on the interface, as either a result of stress transfer reactivating 

pre-existing fabrics or fluid migration and can therefore provide constrains on the 

onset and termination time. This is particularly useful since the precise timing of the 

long-term strain transients are not well determined from the GNSS time series. We 
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propose that seismicity clusters may be used to help delineate the onset and 

termination of long-term changes in plate interface slip behavior. 
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Chapter 2 – Using Active Source Seismology to 
Image the Palos Verdes Fault Damage Zone as a 
Function of Distance, Depth, and Geology 

2.1 Introduction 

Earthquakes release accumulated elastic strain energy. Part of that energy is 

consumed in the fracturing of rock both on the fault and in the surrounding damage 

zone. The damage zone is broadly defined as the area where fracture density is higher 

than the surrounding background fracture density (Chester and Logan, 1986; Kim et 

al., 2004; Mitchell and Faulkner, 2009; Faulkner et al., 2010) and forms a halo of 

increased fracturing around the highly localized principal slip surface (Chester et al., 

1986; Caine et al., 1996; Choi et al., 2016; Rodriquez Padilla et al., 2022). Damage 

zones are significant in earthquake physics for at least four reasons. First, the damage 

process itself is potentially a sink of energy during earthquake rupture (Wong, 1982; 

Martel and Pollard, 1989; Wilson et al., 2003; Chester et al., 2005; Abercrombie and 

Rice, 2005; Brodsky et al., 2020). Constraining the extent of the damage zone at 

depth is important for evaluating the relative importance of fracture energy in the 

overall energy budget of the fault system. Secondly, damage zones are highly 

permeable and particularly important in controlling the distribution and mobility of 

fluids around faults (Caine et al., 1996). Since fluid pressure can be a major factor in 

earthquake nucleation (Hubbert & Ruby, 1959), understanding the structure of the 

damage zone is a prerequisite for modeling how fluid flow can contribute to initiating 

and propagating earthquakes. Thirdly, the rheology of the damage zone is distinct 
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from the surrounding media and plastic deformation in the damage zone can alter the 

rupture dynamics of an earthquake (Dunham, 2011; Thakur et al., 2020). Finally, the 

extent of the damage zone reflects the aggregate seismic deformation across a 

particular fault and thus could potentially be used to guide hazard investigations. 

Offset features are typically measured over a relatively narrow width on either side of 

the fault and may not capture all of the coseismic deformation and thus measuring 

damage provides a potentially important alternative window into the seismic history. 

Establishing the extent of the damage zone in three-dimensial (3D) space is therefore 

an important goal for both fundamental science and pragmatic reasons. 

Despite its importance, basic knowledge of the systematics of the 3D damage 

zones is limited, and much of what is known is from geologic outcrop exposures and 

related observations (Scholz et al., 1993; Wilson et al., 2003; Shipton et al., 2006; 

Mitchell & Faulkner, 2009; Savage & Brodsky, 2011 Keren & Kirkpatrick, 2016). In 

these studies, the damage zone width has been shown to scale nonlinearly with 

various fault parameters such as length, displacement or throw, and number of strands 

(Childs et al., 1997; Cowie and Shipton, 1998; Savage and Brodsky, 2011; Torabi and 

Berg, 2011). Outcrop studies of exhumed fault zones and surface rupture are limited 

to surficial measurements of fracture density and lack the means to quantify the 

damage in-situ at depth. Limited availability of fault exposures has made it difficult to 

disentangle the contributions of lithology, depth, and distance from the fault. 

Undoubtedly all three factors play a role in controlling the relative damage, but they 

are seldom separable in outcrop studies. 
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Passive seismic data have provided some insights on the in-situ fault damage 

zones. Some studies have shown a reduction in seismic body wave velocities near 

faults and were interpreted to be due to reduced elastic moduli, a proxy for damage 

(Ben-Zion et al., 2003; Vidale & Li, 2003; Cochran et al., 2009;). However, these 

studies are limited by access and deployment logistics on land as well as sparse and 

often clustered earthquake sources to sample the fault zones. Extent and velocity 

changes often trade-off in inversion methods, thus establishing variations with depth, 

distance and lithology are again challenging by these methods.  

Active source marine seismic data can provide a higher-resolution view of the 

fault damage zone because they do not rely on proxies to infer elastic moduli and is a 

more direct approach for detecting faults and fractures. Three-dimensional seismic 

reflection techniques, typically used in hydrocarbon exploration, have long been used 

to infer faulting in-situ through offsets in reflectors. Similarity attributes have been 

used to improve and guide the interpretation of faults in seismic data (Bahorich and 

Farmer, 1995; Marfurt et al., 1998; Chopra and Marfurt, 2005). These methods use 

measures of multi-trace similarity over a moving window and have been validated 

with forward modeled synthetic faults in seismic volumes (Botter et al., 2016). Faults 

have been identified using similarity attribute methods (Iacopini et al., 2016) and 

subsequently used to study the fault damage zone on fault perpendicular cross 

sections in seismic volumes (Torabi et al., 2017; Liao et al., 2019; Ma et al., 2019). 

Rather than analyzing the damage zone at representative cross sections, the present 

study aims to examines the damage zone in the full 3D volume. Additionally, 
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machine learning approaches have implemented supervised neural networks to set the 

weights of ensembles of discontinuity-detecting attributes to highlight faults and 

possible fluid pathways associated with fault junctions (Kluesner and Brothers, 2016).  

Here we apply a previously developed modern fault detection and localization 

algorithm to existing 3D marine seismic data along the Palos Verdes Fault to extract a 

3D fault network from the data. Prior studies have suggested that fracture density 

follows well-defined statistical distributions that need to be well-sampled in order to 

be quantified (Mitchell & Faulkner, 2009; Savage and Brodsky, 2011). Reflection 

seismic data provide a powerful way to define these distributions using averaging in 

large volumes to seek generalizable behavior. We follow this approach by detecting 

fractures, measuring systematics, averaging volumes, and then pursuing the spatial 

and lithological controls on damage.  

2.2 Tectonic Setting and Data 

2.2.1 Palos Verdes Fault in Context 

The Palos Verdes Fault (PVF) is mainly located offshore southern California in the 

Inner Continental Borderland and accommodates a portion of the distributed shear 

zone between the Pacific and North American Plates (Fig. 2-1). Current estimates 

suggest that the California Borderland accommodates 6 - 8 mm/yr of right lateral 

motion, and the Palos Verdes Fault slip rate is between 1. 6 - 4 mm/yr (Ward and 

Valensise, 1994; McNeilen et al., 1996; Brankman and Shaw, 2009; Brothers et al., 

2015). The northwest southeast striking fault stretches over 100 km in length, from 
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Lausen Knolls in the south to Santa Monica Bay in the north and its connectivity with 

other faults remains a topic of interest. The Palos Verdes Fault has very few recorded 

earthquakes in the San Pedro Shelf region (Fig. 2-1). Uncertainties in fault dip and 

connectivity to nearby faults yield uncertainty in maximum earthquake magnitude 

potential (Mw 6.5 - 7.5). There is clear vertical separation of the sedimentary units 

across the fault where units west of the fault are closer the seafloor, and there is 

decreasing vertical separation toward the south. Seismic data show that the fault is 

near-vertical in the upper 2 km, but debate continues about whether the fault becomes 

listric at depth (Fisher et al., 2004; Brankman and Shaw, 2009; Brothers et al., 2015). 

It has been suggested that the Palos Verdes Fault soles into a master décollement 

below the Los Angeles basin and may be a component of a larger fault system (Webb 

and Kanamori, 1985; Hubbard et al., 2014). 

The geological history of the region is largely controlled by the transition from a 

convergent to transform plate boundary that occurred as the Farallon Plate was 

completely subducted beneath the North American Plate during the Oligocene (~30 

Ma) (Atwater, 1970; Bohannon and Geist, 1998). The plate boundary transition led to 

several stages of faulting, deformation, and stress reorientation over the history of the 

Palos Verdes Fault. Pre-Miocene Borderland (~25 Ma) tectonics are characterized by 

flat slab subduction and intense contact metamorphism. By the early Miocene (~23 

Ma) the margin had reorganized to transform tectonics, and that was followed by late-

Miocene oblique extension, leading to rifting of the Borderland and vertical axis 

clockwise block rotation of the western transverse ranges (Crouch and Suppe, 1993). 
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Seismic stratigraphy of Monterey Formation sediments suggests that the Palos Verdes 

Fault was active by at least the middle to late Miocene (~15 Ma) (Brankman and 

Shaw, 2009; Sorlien et al., 2013). In the early Pliocene (~ 6 Ma) the plate boundary 

stepped inland and created a major left step restraining bend (known as the Big Bend) 

changing the Borderlands from a transtensional to a transpressional system. This 

transition led to reactivation of extensional normal faults as oblique thrust faults 

(Yeats and Beall, 1991; Wright 1991). The existence of the uplifted Palos Verdes 

Peninsula anticlinorium and associated marine terraces suggests that this topography 

is supported by oblique convergence (Plesch et al., 2007), a transpressional 

restraining bend, or a combination of the two (Ward and Valensise, 1994; Shaw and 

Suppe, 1996; Fisher et al., 2004; Sorlien et al., 2013). The geologic history includes 

the superposition of several different tectonic and stress regimes that cumulatively 

contribute to the damage zone. There is a clear difference in the deformation history 

on the west versus east side of the Palos Verdes Fault. The anticline west of the fault 

appears to be decoupled from the relatively horizontal sediments in the basin east of 

the fault that are observable in the data to ~ 10 km from the fault. 
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8) 2-1 Map of Palos Verdes Study Area 

 

Fig. 2-1. Map of southern California Inner Continental Borderland and San Pedro 
Shelf. Inset map shows western North America with the red star indicating the study 
area offshore southern California, NA - North American Plate, PA – Pacific Plate, 
SAF – San Andreas Fault. Main map shows location of mapped fault traces, where 
the navy-blue lines are mapped offshore Quaternary faults (Walton et al., 2020) and 
the turquoise lines are onshore Quaternary faults (U.S. Geological Survey and 
California Geologic Survey, Quaternary fault and fold database for the United States, 
accessed August 2019). The green polygons depict the bounds of the three-
dimensional (3D) marine active source datasets, lime green for Chevron volume and 
forest green for Shell volume. The solid yellow, purple, orange, and blue lines within 
the seismic volume footprint are the western, central, eastern and eastern 2 fault 
strands respectively mapped in this study. Dashed red lines indicate the two-
dimensional (2D) lines used in the study. The blue triangles indicate the surface 
location of the geophysical well logs, named logs are outside of the fault zone and 
referred to in the text. White lines are the location of cross-sections of lines shown in 
other figures. Yellow arrow is the view direction from Fig. 2-4. Circles represent 
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earthquakes colored by depth (purple to yellow, shallow to deep) and scaled by 
magnitude from the Southern California Earthquake Data Center alternate catalog 
[1981 - 2018] (Hauksson et al., 2012). 

2.2.2 Data 

To examine the damage zone in-situ we utilize existing marine seismic reflection 

data that are available through the USGS at the National Archive of Marine Seismic 

Surveys (Triezenberg et al., 2016). We use two overlapping legacy exploration 3D 

marine seismic reflection datasets along with 2D multi-channel seismic lines 

collected offshore of Los Angeles over the San Pedro shelf and slope, spanning ~ 17 

km along strike distance of the Palos Verdes Fault (Fig. 1-1). The larger of the two 

seismic volumes survey is bound by a 7-sided polygon with a 350 km2 footprint and 

was collected by Unocal in 1976 (C-01-76SC-3D). The airgun seismic source was 

recorded by a multichannel streamer sampling at 4 ms with bin spacings of 50 m and 

25 m in the inline and crossline directions, respectively. Additionally, we analyze a 

smaller higher spatial density dataset collected by Shell in 1984 (B-388-84SC-3D) 

that overlaps the Chevron volume. The 69 km2 survey footprint is rectangular and 

oriented with the longer dimension sub-parallel to the shelf break and nearly 

perpendicular to the Palos Verdes Fault strike with bin spacings of 25 and 12.5 m, 

respectively in the inline and crossline directions. The seismic processing was 

previously completed on both volumes and are post-stack and migration was 

performed, with spectral ranges of 5 - 60 Hz. Additionally, the data had gain 

correction applied to equalize the intrinsically attenuated signal with depth before 

public release. 
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In addition to the 3D seismic data, we use higher resolution 2D airgun multi-

channel seismic lines that intersect the 3D volumes to quality check structural and 

stratigraphic features observed within the 3D volumes. The 2D profiles were 

collected by WesternGeco in 1981 (W-30-81SC-2D, 20 m shot spacing, 6 s record 

length, 4 ms sample rate). Lastly, we use exploratory geophysical well logs and 

lithology logs (Fig. 2-1 & B-1) that were acquired from the Bureau of Safety and 

Environmental Enforcement through a Freedom of Information Act request (See 

Appendix 1-B). In order to incorporate well lithology logs recorded in depth into the 

seismic volumes in two way travel time 1D velocity models were calculated for each 

well located within the volume (see Appendix 1-B & Fig. B-1.). With well lithology 

logs (unconformity contacts) converted to two-way travel time seismic horizons could 

be mapped within the 3D volumes. 

2.3 Methods & Results 

2.3.1 Data conditioning 

The methods and workflow are outlined schematically in Fig. 2-2A. First, all 

seismic SEGY navigation headers were converted from North American Datum 1927 

State Plane Zone 6 to Universal Transverse Mercator Zone 11 N and imported into 

seismic interpretation software, OpendTect. The seismic data were preprocessed 

using dip-steered diffusion filtering in order to reduce noise and increase lateral 

continuity of reflectors while retaining discontinuities (Chopra and Marfurt, 2008). 

This attribute applies median filtering in a moving 3D window (inline, crossline, and 

time-window) following structural dip in areas with shallow to moderate dipping 
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reflectors and areas with very steep dips are not median filtered. This approach 

reduces smearing of median filtering across faulting discontinuities and retains sharp 

images of faults (Marfurt et al.,1998; Tingdhal and de Rooij, 2005). The Palos Verdes 

Fault is clearly delineated by vertical offset of reflectors and folding surrounding the 

fault (Fig. 2-3). 

9) 2-2 Workflow for 3-Dimensional Fault Detections 

 
2.3.2 Manual Fault & Horizon Mapping 

Three dominant fault strands that are a spatial reference for the study were 

manually mapped throughout the volume in the sedimentary rock. The fault could be 
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mapped continuously with high confidence in the depth range 350 m - 2.2 km, we 

selected this depth range to avoid low signal-to-noise in the basement (depth > 2.2 

km), and processing artifacts related to multiple suppression in the shallow section (< 

500 ms two-way travel time). High resolution 2D seismic lines were used to guide 

manual picking and for quality control (Fig. 2-1, B-2). The first fault picking pass 

was completed picking on 500 m spaced inlines (roughly perpendicular to fault) then 

refined using the combined 2D and 3D datasets (Fig. B-2). The fault picks were 

interpolated to form three continuous 3D fault surfaces which is consistent with 

detailed geomorphic and sub-bottom mapping (Brothers et al., 2015; Walton et al., 

2020). 

Six key horizons were mapped throughout the volumes, in order to evaluate the 

damage zone by sedimentary lithology. These horizons were carefully constrained in 

depth by tying to lithologic boundaries identified in 13 lithological and 

paleontological well logs (Fig. 2-1, B-1, B-3). The lithology contacts in measured 

depth were converted to two-way travel time by integrating the coincident velocity 

logs for each well and were then used as constraints on horizon mapping (Fig. B-3). 

Horizon mapping was done by manually picking laterally continuous reflectors that 

begin at well contacts that are outside of the fault zone and carefully mapping and 

connecting to well equivalent contacts within the fault zone, but not crossing the 

central fault strand. Six horizons (Pico Lower, Repetto Upper, Repetto Lower, 

Monterey Delmontian, Monterey Mohnian, and Catalina Schist Basement) were 

mapped east of the fault starting at well P0302-2 (Fig. 2-1) and are relatively flat 
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lying throughout most of volume east of the fault, but are concave up near the fault. 

Only the 3 oldest contacts (Monterey Delmontian, Monterey Mohnian, and Catalina 

Schist Basement) were mappable west of the fault because the younger units have 

been uplifted with the Palos Verdes Anticline and subsequently eroded away (Wright, 

1991; Sorlien et al., 2013). The mapping of the units on the west side of the fault 

started at wells P0304-1 and P0295-3 (Fig. 2-1) at the western edge of the Chevron 

volume, continuing east to the central fault strand. The morphology of the horizons 

west of the fault are more complex and folded as part of the anticline, with the axial 

surface sub-parallel to the Palos Verdes Fault and plunging to the southeast. 

2.3.3 Automated Fault Detection 

We use the thinned fault likelihood algorithm to automate identification of faults 

and fractures within both seismic volumes (Hale, 2013) and compare these results 

with the manually interpreted fault strands (Fig. 2-2). Thinned fault likelihood uses 

structurally guided semblance (a measure of multitrace similarity over a time-

window) to scan adjacent traces and identify discontinuous regions, over a moving 

space-time window (Fig. 2-2b). Here we use a filter window size of 2 inline / 2 

crossline and 32 ms. The local maxima of the semblance volume are preserved, 

thinning the discontinuous regions (Fig. 2-2c.). These local maxima voxels are then 

scanned over geologically reasonable dips and azimuths (strikes within +/- 40 degrees 

of the Palos Verdes Fault and dips in the range of 70 - 89 degrees) for adjacent high 

dissimilarity voxels which are then linked, forming a fault and fracture network. An 

example of the results of thinned fault likelihood can be seen in Fig. 2-3. The 
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resultant thinned fault likelihood volume has a likelihood (0-1) for each 3D voxel of 

being a fault or fracture. 

10) 2-3 Comparison of Conditioned Data with Fault Detections 

 

Fig. 2-3. Comparison of conditioned data and thinned fault likelihood results from 
overlapping portions of the Chevron (left panels) and the Shell (right panels) seismic 
volumes. Showing processed (dip-steered diffusion filtered) seismic inline number 
1270 both uninterpreted (A & B) and with manual interpretation and fault detection 
(C & D). Map view of line location is shown in Fig. 2-1. The dashed dark green line 
in the (A) shows the extent of the Shell line. There is a 9000 m/s vertical exaggeration 
applied to help highlight the vertical offsets along the fault. The Palos Verdes Fault is 
clearly shown by offset reflectors, folding, and deformation features. (A & B) 
Dimensions are indicated by the white bars, and the inset indicates the mean 
amplitude as a function of two-way travel time (depth). (C & D) transparent to red 
overlay is the thinned fault likelihood attribute, where red is the high dissimilarity or 
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high likelihood of being a fault. Purple sub-vertical line is the central Palos Verdes 
Fault strand (C-PVF) and the rainbow-colored sub-horizontal lines are three-
dimensional (3D) horizons at the inline (PL - Pico lower, RU - Repetto upper, RL - 
Repetto lower, MD - Monterey Delmontian, MM - Monterey Mohnian). The inset 
shows the normalized power spectra for each survey. 

2.3.4 Spatial Analysis 

To examine how fracturing varies spatially, we calculate the binned average 

probability of a fracture being present as a function of distance from the central fault 

strand and each of the horizons. Given the large dataset, efficient calculation of 

distances is important to implement. We calculate the minimum distance from each 

voxel (NChevron = 4.8 x 108; NShell = 1.2 x 108 ) in the volume to the mapped fault 

surface (N = 2 x 106) and each of the horizons (N = 8.9 x 105 / horizon), using a 

nearest neighbor ball-tree approach. This is an unsupervised learning method 

designed to find a point in a given set that is closest (in this case, Euclidean distance) 

to the given point. The ball tree method subdivides the dataset into a tree structure of 

overlapping spheres that increases the efficiency of the nearest neighbor calculation. 

As with manual fault mapping (section 2.3.2), we limit our analysis to depth ranges of 

high-quality data that are above the basement and below the pico-middle/pico-lower 

unconformity due to low signal to noise ratios in the basement and artifacts 

introduced in the shallow subsurface due to multiple suppression efforts. 
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11) 2-4 Perspective View of Fault Detections in 3-Dimensions 

 

Fig. 2-4. Perspective view of thinned fault likelihood (TFL) attribute results for the 
Chevron volume along the Palos Verdes Fault Zone. The transparent to red color 
scale range indicates probability of a fault, where fault probabilities < 0.6 are 
transparent. The basement horizon surface is shown with a blue to red color map 
indicating depth in two-way travel time (twtt in seconds). (top) Map view (bottom 
look direction pointed out in Fig. 2-1) is an along strike perspective view. Note the 
width variability of the damage zone along strike, and the complex detected fault 
geometry and structures. 
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We bin the data spatially by distance from fault to examine spatial relationships of 

thinned fault likelihood probability. In each bin, the mean probability P is, 

(1)  <P> = ∑ pi / N 

where p is the probability of the ith voxel being a fault (within prescribed spatial 

bin), N is the number of voxels in the spatial bin and angle brackets denote the mean. 

Note that the bins have varying numbers of voxels, thus the normalization by N is 

necessary. For conciseness, we will refer to the bin-averaged value P as simply fault 

probability for the rest of this study. 

First, we examine the data as a function of this distance from the fault, to explore 

the lateral distance dependence of damage. The large number of data points (~ 108) 

allows for narrow bin widths, here we use a bin width of 25 m and find that different 

bin sizes do not impact the results (Fig. B-4). Fig. 2-5 shows a clear relationship 

between fracture probability and lateral distance from the fault in which the fracture 

probability decays to a stable background value at 2 km distance from the central 

strand of the fault for both seismic volumes. This macroscopic damage zone is likely 

the superposition of the damage decays of all faults near the central strand (section 

2.4.5). The data appear to obey exponential scaling up to ~ 2 km, and can be well 

represented in this region by, 

(2)  P = C10(-x/x0) 
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where x is the perpendicular distance from the fault surface, x0 is an exponent that 

we will call the decay distance and C is a fault specific constant. A least square fit to 

the data yields x0 = 3540 m and 3200 m for the Chevron and Shell volumes, 

respectively. We calculate the background fracture probability, B as the mean of 

fracture probability of distances between 2000 – 3500 m. We bootstrapped the error 

on the parameters x0, C, and B, and these are provided in table 1 (see Fig. B-5 & B-6 

for distributions). 
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12) 2-5 Relationship of Fracture Probability with Fault Distance 

 

Fig. 2-5. (top) Fracture probability relationship with distance east of central mapped 
strand. Fracture probability decays with distance east from the central strand to ~2 km 
from the fault. (A & C) shows the Chevron volume results (B & D) show the Shell 
results. (A & B) are in linear space and (C & D) the Y-axis are in log space. The 
background, low fracture probability, begins at 2 km and at distances greater than 6 
km fracturing likely increases due to the Wilmington Fault (and its damage zone, see 
Fig. 2-1) at the eastern edge of the seismic volumes. (C & D) Shows the exponential 
relationship between fracture density and distance from the central strand. Red line 
indicates the least squares exponential fit through the damaged region to 2.0 km, and 
the blue line shows the background level. The outer edges (2 km) were chosen as the 
clear change in slope. Variables x0 and C are defined in equation 2. 
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Next, we investigate the effects of lithology on damage surrounding the fault. The 

mapped lithology contact horizons (see section 2.3.2) were used to constrain voxels in 

3D space and to analyze fracturing between vertically adjacent horizon surfaces (Fig. 

B-7). We calculate fault probability binned by distance from the central fault, for each 

of the 5 sedimentary lithologies using equations 1 & 2. Fig. 2-6 shows the results, and 

each lithologic unit is again well fit by an exponential relationship, similarly to the 

bulk trend (Fig. 2-5), and the general decay and background trends are similar 

between the two volumes. There are unique exponential trends and background 

fracture probabilities for each unit. The larger Chevron volume represents 17 km 

along strike averaged results and the smaller Shell volume represents 4.5 km along 

strike and exhibits increased variance in the damage decay and the background, to be 

discussed more in section 2.4.4 
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13) 2-6 Fracture Probability by Lithology 

 

Fig. 2-6. The left side of each figure shows a representative example of dip-steered 
diffusion filtered seismic inline 1340 data in black and white color scale (line location 
shown in Fig. 2-1). The overlain vertical purple line represents the manually mapped 
central strand. The transparent to red is the thinned fault likelihood fault detections 
and transparency indicated. The multi-color horizontal lines are mapped three-
dimensional (3D) horizon-surfaces and mark lithological contacts or unconformities 
that have been tied to well logs (PL - Pico lower, RU - Repetto upper, RL - Repetto 
lower, MD - Monterey Delmontian, MM - Monterey Mohnian). These horizons are 
used as upper and lower bounds to constrain the fracture probability as a function of 
distance away from the fault for each lithology in full 3D space, not just at the 
example inline. (A) are the Chevron volume results, which are shown in the semi-log 
plots on the right of the seismic line, colors match the lithology units indicated on the 
seismic line, and data are averaged over - 17 km along strike. (B) shows the results 
for the Shell volume and are averaged over 4.5 km. Note the different exponential fit 
slopes (red line) and background (blue line) for each geologic unit (horizontal 
portion). 

The pervasive fracturing observed in the Monterey Formation is consistent with 

previous studies that show that the Monterey Formation is brittle (Bramlette, 1946; 
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Behl, 1999). There appears to be a tradeoff between damage decay and overall 

background damage (horizontal portion of the plots) that yield a remarkably 

consistent damage width (intersection of decay slope with background) in all units, 

which is discussed in greater detail in section 2.4.4. 

Finally, we compare the damage zone on the east and west sides of the fault in the 

two Monterey units (Delmontian & Mohnian) that are mappable on both east and 

west sides of the fault (Fig. 2-7). We analyze the Delmontian and Mohnian, Monterey 

Formations, on an east versus west comparison and the results are shown in Fig. 2-8. 

Here we calculate the fault probability in the Chevron and Shell volumes over 11 km 

and 4.5 km of fault length, respectively. We find increased variability in the decay 

trends and the background as we examine shorter segments of the fault. The shorter 

fault length analyzed in the smaller Shell volume exhibits more complexity in the 

decay of fracturing with distance in the units. When we search for the optimal 

background distance D it becomes apparent that we are resolving 2 fault strands, 

which present as peaks in fracture probability at 0 and about 1 km distance east of the 

central fault strand. For the short 4.5 km section (Shell volume) of the fault we fit 

from the eastern trend using the peak in fracture probability east of the central fault 

strand (1 km distance away), while the western trend is fit with respect to the central 

strand. This results in east and west fits for the slopes Xo and distance cutoffs D that 

are similar on both sides of the fault.  
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2.4 Discussion 

2.4.1 Validity of P as a measure of fracturing 

The thinned fault likelihood method appears to successfully identify faults and 

fractures within the 3D seismic volumes (Fig. 2-3, 2-6 & 2-7) and identify features 

within the data that seismic interpreters would routinely identify as a fault zone, such 

as offset reflectors and change in reflection characteristics (Iaccopini et al., 2016; 

Alcalde et al., 2017) (Fig. 2-3). Additionally, the highest fault likelihood regions 

localize around faults identified in this study and independent mapping efforts as the 

Palos Verdes Fault (Brankman and Shaw, 2009; Sorlien et al., 2013; Walton et al., 

2020). There is also good agreement on the location and the identification of the 

damage zone with thinned fault likelihood in both 3D volumes and on the 2D seismic 

lines (Fig. B-2), that were independently collected and processed, reducing the 

possibility that the method is measuring a data artifact. Finally, the fundamental 

finding that fault probability is highest at the location of the primary fault strand 

supports the validity of using this method to measure fault structure.  
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14) 2-7 Fracture Probability on Horizons (Unconformities) 

 

Fig. 2-7. Showing the results of thinned fault likelihood fault detection projected on 
mapped three-dimensional (3D) horizons, shown in map view. The thinned fault 
likelihood color map grades from transparent at 0 to red at 0.8 chosen to highlight the 
localization around the fault. The color map on the Chevron horizon surfaces ranges 
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from red to blue, indicating shallow to deep in two-way travel time relative to each 
layer. The horizons have been cropped in-lines (500-1400) and crosslines (950-1900). 
The central fault strand is colored purple, the western fault strand in dark purple, and 
the eastern fault strand in navy blue. (Upper right) inset shows a Shell volume inline 
1270 (location shown in Fig. 2-1) cross-section through the data where the gray scale 
seismics that have dip-steered diffusion filtering applied. The colored lines represent 
mapped horizons, and the colors correspond to the labels on the map view horizons. 

2.4.2 Density – Distance Relationship 

We find that the fracture probability decreases with distance from the fault and is 

best fit by an exponential curve, with a decay distance of ~ 3000 m. This observation 

is of the same functional form as those observed in outcrop studies though cannot be 

compared directly because of different metrics and methods used in fracture 

characterization (Faulkner et al., 2003; Mitchell and Faulkner, 2009). Distinguishing 

exponential and power-laws relationships is not straightforward, and it is advised to 

span several orders of magnitude before determining the appropriate functional form 

(e.g., Bonnet et al., 2001). Results from this study span 3 orders of magnitude (101 - 

103 m) of distance and an order of magnitude of fault probability, and as we extend 

our study up to 8 km from the fault for the Chevron dataset and 4 km for the Shell 

dataset. These observations are at distances from the fault that are seldom accessible 

in outcrop studies (typically hundreds of meters in rare cases up to a few kilometers) 

(Faulkner et al., 2003; Savage and Brodksy, 2009). Seismic acquisition and binning 

results is a low-pass filter on the data and smaller scale fractures, commonly counted 

in outcrop transects, are not recoverable (see Appendix 2-B). Unique to this method 

and study is the clearly defined edge of the fault damage zone, which agrees with 

damage zone models, where the damage decay intersects a stable background (from 
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tectonic stresses). This edge occurs at ~ 2 km east of the central strand (Fig. 2-5), and 

provides a robust distance cut off for fitting.  

In this study the damage zone is examined fully in 3D and is not restricted to the 

1D or 2D surfaces of previous surficial studies (Chester and Logan 1986, Berg and 

Skar, 2005; Sagy et al., 2009). We show that the along-strike averaged faulting and 

fracture probability, over the depth ranges bound by the pico-lower and the basement 

contacts (~ 400 - 2200 m depth, several kilometers above the seismogenic zone) 

exhibits exponential scaling. We are capturing the behavior of the damage zone at 

large length scales and show that the exponential decay relationship extends to at 

least 103 m length scale from the central fault strand. 

2.4.3 Damage Zone Width 

The data indicate the half width of the Palos Verdes Fault is 2 km, or 4 km total 

width. The width determined is indicated by the clear break in slope shown in Fig. 2-

5 defining a clear boundary between the fault and the relatively undisturbed basin to 

the east. As shown in Table 1 and Fig. 2-6, there is an apparent tradeoff between the 

decay of fault and fracture probability with distance and the fracturability of the 

background that result in a surprising stability of the damage zone width throughout 

different depths and lithologies. The intersection of the damage trend with the 

background occurs at ~ 2 km from the center of the fault for all layers that differ in 

composition, age, and depth (Fig. 2-6). This indicates that the overall along-strike 

average (17 km along strike) width is instead a function of an attribute intrinsic to the 
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Palos Verdes Fault (e.g., length, fault maturity, or number of active strands). The 

damage zone width identified here is wider than may be inferred from studies of the 

damage zone width’s dependence on displacement (Fig. B-8). 

The width identified in this study is slightly wider than the 1-2 km widths inferred 

in some passive seismic tomographic studies (Thurber et al., 1997; Cochran et al., 

2009; Yang et al., 2011). These studies approximate the damage zone as a zone with 

up to 50% reduction in P and S wave velocities, that extend to depths of at least 5 km. 

These studies also find an increase in Vp/Vs ratios within the seismically identified 

damage zone suggesting that the fractured damage zone is fluid filled. The similar 

width of these studies to our present study is reassuring given the differences in 

methods and resolution (tomographic grid sizes are typically ~ 1 x 1 km compared to 

bin sizes of 50 x 25 m and 25 x 12.5 m in this study, see Appendix 2-B). The passive 

seismic studies hinge on seismic body wave ray paths to sample the fault zone and 

thus are limited in their resolution and spatial sampling. In contrast the present study 

has uniform sampling throughout, thus may be more resolving of the outer bounds of 

the damage zone. In addition, tomography studies use deviations in wave speed that 

may evolve with fault healing as a proxy for damage, whereas in our study we use 

high fold (high source/receiver sampling) direct reflection imaging to identify the 

damage zone. We are directly imaging the damage associated with the fault, through 

reflection discontinuities and abrupt changes in amplitude character, and propose that 

this method may be more sensitive to more subtle damage and thus delineates a wider 

damage zone. 
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Our measurements of fault zone width are also larger than those inferred from 

passive seismic studies that utilize fault-zone trapped head waves that are critically 

reflected at the boundary between damaged and undamaged rock (Li et al., 1997; 

Ben-Zion et al., 2003; Li et al., 2004; Yang et al., 2014; Li et al., 2016). These studies 

find a narrower, several hundred-meter-wide damage zone, that extend to at least 5 

km depth. One could speculate that the fault zone trapped wave is sampling the width 

of an inner fault damage zone rather than the outer edge of the fault damage zone. 

Lewis and Ben-Zion (2010) showed that fault trapped waves are not ubiquitous along 

strike in the mature (Parkfield) section of the San Andreas Fault. These studies rely 

on forward modeling of the waveform and travel times and may be non-unique in 

their parametrization (Ben-Zion, 1998). In addition, the inherently sparsity of passive 

seismic studies leads to spatial averaging of parameters. 

The damage zone width in this study is about a factor of two wider than the 2-km 

compliant off fault damage zones inferred in other studies based on geodetic 

measurements (Fialko et al., 2002; Fialko, 2004). The geodetic studies used the 

response of terrestrial strike-slip faults to nearby earthquakes to infer reduced elastic 

moduli near the faults that were interpreted as indicative of damage zones. Like in 

this study, the geodetically inferred damage zones on the order of kilometers. 

Most geologic outcrop studies find a narrower fault damage zone width than the 

present study. Outcrop studies are a direct ground truth of the geology; however, 

exhumed surficial exposures are scarce, limited in scope, and transects are 1D in most 
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cases. We speculate that many of these studies are missing the outer edge of many 

superposed damage zones, and in some cases may mis-interpret a local minimum in 

damage as the background fracture density (outer limit of the damage zone). In many 

cases exposure and sampling prohibit observation of the true damage zone edge, 

which we find to be several kilometers from the fault core along the Palos Verdes 

Fault. 

The damage zone width in this study is similar to the width identified in another 

active source attribute study of a strike slip damage zone (Liao et al., 2019). Liao et 

al. (2019) found a damage zone width of ~1600 m using structurally oriented seismic 

coherence (analogous to semblance) of the El Reno Fault in Oklahoma and fit an 

exponential to their data (Fig. B-9). The approach of the Liao et al. (2019) study maps 

coherence on 11 2D cross sections in an on-land 3D seismic volume of similar spatial 

resolution to this study (bin spacing 33.5 x 33.5 m) and show 2 distinct along strike 

trends that are fit with an exponentials that decay more steeply with distance from the 

fault than our analysis (Fig. B-9). The discrepancy in the width between these two 

studies may be due to the maturity of the faults. The El Reno Fault is 32 km in length 

and the Palos Verdes Fault is 100 km. Another similar study of 6 immature normal 

faults (<3 km in length and 100s of meters of displacement) in the Bohai Bay Basin 

in China, which also used similarity-based attributes on 2D cross sections in 3D 

volumes, found damage zones in the range of 200 - 400 m (Liao et al., 2020). Their 

damage decay with distance was fit using a power law, and the comparatively 

narrower damage zone width is again potentially a function of fault maturity. 
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2.4.4 Sedimentary Rock and Damage 

Lithology along the Palos Verdes Fault appears to play a role in the decay of 

fracture probability with distance from the fault and the level of background 

fracturing. The background fracture probability (stable region beyond 2 km) increases 

with increasing stratigraphic depth. Background fracture probability generally 

increases from shallow to deep. This result suggests that the first-order impact of 

damage in sedimentary rock in depths ranging from 400 - 2000 m is determined by 

depth, age, or fault growth. The systematic change in damage decay and background 

with increased depth and normal stress may support the prediction that damage is 

controlled by confining pressure from of overburden (Scholz, 2000). 

The Monterey Formations (Delmontian and Mohnain) are the thickest and have the 

greatest integrated damage. One plausible explanation could be the effect of unit 

thickness on joint spacing correlation (Hobbs, 1967; Narr and Suppe, 1991). Large 

joint or fault spacing could be more detectable with seismic methods, however, the 

overlying lower Repetto Formation is one of the thinnest units and has high integrated 

damage. Alternatively, the documented enhanced brittleness intrinsic to the Monterey 

Formation (Eichhubl and Behl, 1998; Behl, 1999; Eichhubl and Boles, 2000) may 

allow it to accumulate more damage. Additionally, these formations have experienced 

more cumulative displacement, thus accumulating more damage. 

The importance of geology on fault damage has been suggested (Caine et al., 

1996; Shipton and Cowie, 2003; Kim et al., 2004; Berg and Skar, 2005). However, it 
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is not clear how lithology impacts the damage trends in this study. Here the units are 

all siliciclastic sedimentary rock and maybe too similar to differentiate a lithologic 

dependence at the resolution in this study. 
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Table 1 - Exponential Fracture Probability Parameter Fits 

Data x0 
(m) +/- B +/- C +/- Description 

Chevron 
volume 3540 64 0.027 0.0002 0.118 0.001 Complete volume from 

Pico to basement 
- Pico – lower 2210 48 0.012 0.0002 0.1 0.003 Pliocene interbedded silt 

and sandstone 

- Repetto upper 2120 27 0.016 0.0003 0.127 0.002 Pliocene sandstone and 
conglomerate 

- Repetto lower 2690 72 0.027 0.0006 0.13 0.003 Pliocene medium to coarse 
sandstone and siltstone 

- Delmontian 4370 172 0.033 0.0006 0.116 0.002 Miocene diatomaceous & 
high silica 

- Mohnian 6100 251 0.047 0.0006 0.115 0.002 Miocene thinly bedded 
chert and shale 

Shell volume 3200 115 0.033 0.0003 0.103 0.004 Compete volume from 
Pico to basement 

- Pico – lower 1680 67 0.007 0.0002 0.111 0.008 Pliocene interbedded silt 
and sandstone 

-Repetto upper 2050 70 0.016 0.0004 0.126 0.006 Pliocene sandstone and 
conglomerate 

- Repetto lower 3060 195 0.021 0.0005 0.125 0.007 Pliocene medium to coarse 
sandstone and siltstone 

- Delmontian 3750 206 0.029 0.0011 0.119 0.005 Miocene diatomaceous & 
high silica 

- Mohnian 3700 176 0.044 0.0009 0.146 0.005 Miocene thinly bedded 
chert and shale 

 

2.4.5 East vs West Comparison 

It has been argued that observations of a broad distributed damage zone are a 

result of the superposition of multiple sub-parallel fault strands with a cumulative 

effect resulting in a wider zone of damage (Mitchell and Faulkner, 2009; Savage and 

Brodsky, 2011). Our data may support this model because there are at least 3 

continuously mappable fault strands and other subsidiary strands identified by the 

algorithm. We find a particularly smooth decay of damage with distance (Fig. 2-5 & 

2-6) in the Chevron volume that is averaged over longer along strike distances (~17 
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km) and more variability in the decay trends in the Shell volume that represents a 

shorter fault length (~4.5 km). There is a distinct peak in fracture probability at 1 km 

distance from the central fault strand in the Shell volume (Fig. 2-5, 2-6 & 2-8) that 

corresponds to the eastern fault strand that has been previously documented (Walton 

et al., 2020). This additional fault strand is apparent in the portion on Chevron data 

that overlaps Shell volume (Fig. B-10). Resolving multiple fault strands suggests that 

the damage zone superposition model is likely accurate, and that the additive impact 

of multiple anastomosing secondary fault strands and associated damage zones 

creates a smooth decay. 

The variability of the damage decay trend at shorter distances makes comparing 

east versus west a bit tenuous; however, it is clear that on both sides of the fault 

fracture probability decreases with distance from the central fault strand. The decay 

on both sides may be fit with an exponential, and for the 4.5 km fault length segment 

that displays a clear influence from the eastern fault (right side of Fig. 2-8), we can fit 

the western trend and the outside of the eastern fault strand with roughly the same 

parametrization. One could argue that the similarity in the decay trends tells us that 

both strands have a similar faulting history (displacement, number of slip events, etc.) 

or that these two strands have similar damage decays independent of their history, 

though this effect cannot be determined from the data. Finally, we find that the 

background fracture probability is higher on the west side of the fault. We think that 

this could be due to the increased deformation associated with the Palos Verdes 

anticline uplift that includes more time integrated tectonic damage. 
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15) 2-8 Fracture Probability East & West of Fault 
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Fig. 2-8. Showing fracture probability as a function east of the central fault strand. 
The inset map in the upper left shows the bounds of the shell volume in dark green 
which the data are averaged over. The solid yellow, purple, orange, and blue lines on 
the map show the western, central, eastern, and eastern 2 fault traces respectively. 
The dark redline indicates the location of the example seismic line below (lower 
right). Where the mapped green (MD – Monterey Delmontian) and cyan (MM – 
Monterey Mohnian) sub horizontal lines indicate the unit boundaries or 
unconformities, mapped to the central fault strand shown as the sub vertical purple 
line. The top plots with green circles are the Monterey Delmontian Formation. The 
middle panels show example inlines for the volumes, Indicated on the map. The bo–
tom plots with teal circles show the fracture probability results for Monterey Mohnian 
Formation. See text for more details. 

2.4.6 Folding and Damage 

Like most faults, the Palo Verdes is accompanied by folding yet our discussion 

thus far has only focused on the faulting and its brittle damage. Visual inspection of 

the data (e.g., Fig. 2-3, 2-7 or 2-8) suggests that the edge of the fold abutting the fault 

corresponds to the edge of the damage at about 2.1 km from the central strand (Fig. 2-

9). We can further refine this initial observation by measuring dip and comparing it to 

damage. Specifically, we calculate polar dip in full 3D space at each voxel using 

inline and crossline dips calculated in section 2.3.1 with dip steering (Tingdahl and 

De Rooij, 2005) and utilize the square root of the sum of the squared inline and 

crossline dips. This provides us with the magnitude of the apparent dip since the 

seismic volumes are in time, and dips are in units of [us/m]. This provides the 

magnitude of the dip, but no direction information; however, the morphology of the 

bedding contacts is simple and generally dips to the northeast with dip decreasing 

away from the fault (Fig. 2-7.) Fig. 2-9 reinforces the inference that the fold and 

damage are co-located.  
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Thus, some natural questions emerge about the relationship between the damage 

and folding. Is the damage only indirectly controlled by the fault and more directly 

created by the fault-generated fold? Alternatively, is the extent of the fold controlled 

by the extent of the weakened, damaged zone?  

If the folding is the direct cause of the damage, we would expect the damage to be 

tensile and highest where the strain produced by folding is highest. The detected 

damage features are sub-vertical, thus a sub horizontal tensile strain would be 

required. Folding produces such strains that are proportional to curvature. The data do 

not support this possibility. Fig. 2-9 suggests that curvature is not well-correlated with 

damage in this particular 2D section. In fact, the edge of the fold is the locale of 

highest curvature, and it corresponds to reduction, rather than increase, of damage.  

This preliminary interpretation is supported by a more thorough analysis 

considering the potential 3D aspect of the geometry (Fig. 2-9). The mean curvature 

(mean of the maximum and minimum curvatures) is an appropriate measure for this 

situation (Roberts, 2001). An alternative metric would be Gaussian curvature (Lisle, 

1994), but Gaussian curvature is inappropriate for a cylindrical fold because it is very 

unstable when the minimum curvature measure is close to zero (Mynatt et al., 2007; 

Nabavi & Fossen, 2021). Here we calculate mean curvature in a spatial kernel of 10 

inline and crossline bins assuming a constant velocity of 2,500 m/s. Other velocities 

and spatial kernels were tested and did not change the results. We compare the along 

strike averaged mean curvature to fracture probability from section 2.3.4 (Fig. 2-9). 
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The results reinforce the preliminary interpretation. The curvature is not highest 

where the damage is highest. The bending strains are unlikely to be the primary cause 

of the damage. 

Instead, we suggest that the width fold is likely limited by the damage. Damage 

weakens the rock and makes it more susceptible to ductile deformation.  

16) 2-9 Correlation of Fault Damage and Fold 

 

Fig. 2-9. showing the correlation between the nearby fold and the damage zone. (A & 
C) shows a single two-dimensional (2D) example seismic inline with polar dip and 
curvature shown, respectively. Note, (B & D) are averaged over the volume. (A) 
depicts polar dip for the 2D example line where tan, green, blue color map 
transparency (50%) shows the calculated polar dip that decreases with distance from 
the fault into the sub-horizontal basin to the east. Overlain in transparent to red color 
are fault likelihood probabilities, displayed between the lower Pico horizon and the 
Basement that are shown in pink and light purple. The darker purple sub-vertical line 
is the central strand of the Palos Verdes Fault. (B) shows the binned along strike 
averaged values for polar dip in navy blue and fracture probabilities in gray. (C) same 
example seismic line as (A), where colormap (transparency 50%) green colors 
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indicate negative curvature or concave down and blues indicate positive curvature or 
concave up. Overlain on the curvature colormap are the results for thinned fault 
likelihood. (D) is the along strike binned average mean curvature in green and 
fracture probabilities in gray. Note the most negative curvature makes the edge of the 
damage decay trend. 

2.5 Conclusion & Implications 

Using three-dimensional (3D) seismic attribute techniques, we find that the fault 

damage zone is observable and identifiable in seismic reflection datasets collected 

along the Palos Verdes Fault, offshore southern California. The seismic attribute 

computed from the data is representative of the damage zone and areas with elevated 

fault and fracture probability are consistent with areas of mapped faults both in this 

study and independent fault mapping efforts. 

Due to the large acquisition footprints and large amount of data, we extend 

observations to greater distances and with more continuous sampling than is typically 

possible at the outcrop scale and with increased resolution over passive seismic 

methods. Additionally, the large datasets allow for a well-defined background and 

edge of the damage zone, which is ~ 2 km away from the central fault strand. 

The method allows us to distinguish fracturing trends as a function of distance 

from the fault, lithology, and depth. We find that the level of fracturing decreases 

systematically with lateral distance from the fault. This trend is best fit by an 

exponential with a decay distance of between ~ 2000 and 4000 m, depending on 

lithology. We find that lithological variations and depth have the strongest control on 

damage decay and background fracturing. 
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The new window into damage as a function of lithology and depth provides a new 

insight into the trade-off between background damage and decay. Interestingly, these 

factors counterbalance each other resulting in a consistent damage width across the 

units. The data indicate that width can be a more stable feature of damage zones than 

might be anticipated from observed variations and trends in individual units. This 

new observation invites future modeling work exploring the role of rock strength in 

controlling damage zone width. Apparently, the relationship involves non-trivial 

feedback mechanisms that need to be fully explored. 
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Chapter 3 - Fault Damage Zone Insights from 
High-Resolution Seismic Imaging and the 

Relationship with Fluid Seeps Along the Palos 
Verdes Fault 

3.1 Introduction 

The distribution and intensity of fault damage zones provide valuable insights into 

the behavior and response of the Earth’s crust to earthquakes. These fault damage 

zones are characterized by increased faulting, fracturing, and deformation around a 

fault’s principal slip surface, and their presence has been documented in numerous 

field and geophysical studies (e.g., Chester and Logan, 1986; Caine et al., 1996; Choi 

et al., 2016; Scott et al., 2018; Rodriguez Padilla et al., 2022). Studies have revealed 

that fault damage zones are most pronounced and observable in the uppermost 

kilometers of the Earth’s crust (Li et al., 1997; Thurber et al., 1997; Ben-Zion et al., 

2003; Li et al., 2004; Cochran et al., 2009; Yang et al., 2011; Yang et al., 2014; Li et 

al., 2016a,b; Alaei and Torabi, 2017; Liao et al., 2019; Ma et al., 2019; Liao et al., 

2020; Atterholt et al., 2021; Qui et al., 2021; White et al., 2021; Alongi et al., 2022). 

Although observed fault damage predominantly occurs at depths shallower than 

where earthquakes nucleate, these zones still undergo inelastic processes during 

coseismic rupture that alter the bulk rock properties. These changes significantly 

impact near-field seismic hazards, potentially amplifying ground motions during 

future earthquakes and affecting the distribution of seismic energy (Spudich and 

Olsen, 2001; Wu et al., 2009; Kurzon et al., 2014). 
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Furthermore, fault damage zones are essential to understanding fundamental 

earthquake physics problems. They can form a vital energy sink in the earthquake 

energy budget (Wong, 1982; Martel and Pollard, 1989; Chester et al., 2005; 

Abercrombie and Rice, 2005; Brodsky et al., 2005; Ke and McLaskey, 2022). 

Another key aspect is the impact of fault damage zone rheology on dynamic 

earthquake rupture. The properties of fault damage zones, such as their strength and 

frictional behavior, can influence the propagation and evolution of earthquake 

ruptures (Kame et al., 2003; Dunham et al., 2011). The heterogeneity of the fault 

damage zone can significantly affect the rupture behavior, the seismic cycle and 

seismic wave propagation (Ben-Zion and Sammis, 2010; Huang et al., 2014; Thakur 

et al., 2021). Furthermore, fault damage zones exhibit high permeability and play a 

crucial role in fluid flow around faults. Fluids stored within fault damage zones affect 

stress conditions and can potentially control nucleation and slip behavior (Hubbert 

and Rubey, 1959; Caine et al., 1996; Bense et al., 2013; Guo et al., 2021). 

Numerous key questions remain unanswered despite the pervasiveness of fault 

damage zones and associated studies. For example, the relationship between the fault 

zone damage and current fault activity is unclear. It is possible that fault zone damage 

could be a valuable proxy for fault activity. This arises from the idea that repeated 

slip events on the fault cause the pattern of rock damage. If this notion were correct, 

then the characteristics of the damage zone could be used to infer the total offset with 

a thorough understanding of fault history, unit age, and slip rate. On the other hand, it 

is equally plausible that accumulated damage may reflect geological history rather 
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than present-day fault behavior. Resolving which of these scenarios is true is vital for 

interpreting the geologic record and assessing the potential use of fault zone damage 

as a meaningful indicator of fault activity with broader societal implications. 

While the effects of bends along strike-slip faults on surface topography have been 

explored, their impact on inelastic deformation at depth remains largely unexplored. 

The impact of fault obliquity expressed as uplift and crustal shortening caused by 

restraining bends, as well as subsidence induced by releasing bends, have been widely 

investigated (Segall and Pollard, 1980; Aydin and Nur, 1982; Dooley and McClay, 

1997; McClay and Bonora, 2001; Mann et al., 2007). Analog models have provided 

valuable insights, demonstrating that transpressional restraining and transtensional 

releasing bends generate more faults and wider zones of faulting and deformation 

than simple linear faults (Naylor et al., 1986). Importantly, transtensional settings 

tend to facilitate simpler fault structures with less folding (Dooley and Shreuers, 

2012). Observationally, the connection between surficial fault geometry and the width 

or complexity of fault zones has been hinted at in surface rupture maps following 

large intraplate earthquakes (Aydin and Du, 1995; Teran et al., 2015) and recent 

studies using optical image correlation techniques have also indicated an increase in 

strain and surface cracking at fault bends (Scott et al., 2018; Milliner et al., 2021). 

However, it remains to be demonstrated how fault geometry might influence the 

distribution of faults and damage at greater depths. 
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Another critical issue involves understanding how the fault damage zone responds 

to accumulated fault offset. Existing research has demonstrated that the width of the 

fault damage zone tends to increase with greater displacement along the fault (Savage 

and Brodsky, 2011; Faulkner et al., 2011; Torabi and Berg, 2011). Additionally, 

conventional wisdom suggests that strike-slip fault zones should narrow and localize 

with depth in what is known as a flower structure (Harding, 1985; Sylvester, 1988). 

However, these models may not apply within a sedimentary basin setting, where 

sediment aggrades atop an active fault. In this scenario, the youngest sedimentary 

rock near the surface may have the narrowest damage zone because it has 

experienced the least offset. Whether a flower structure develops in an active 

depositional environment remains unclear. 

In addition, the lateral extent of the fault damage zone is the subject of ongoing 

debate. Field studies commonly observe a fault damage zone that is 10s - 100s of 

meters wide (Chester and Logan, 1986; Shipton and Cowie, 2001; Berg and Skar, 

2005; Choi et al., 2016). Conversely, geophysical indicators of fault damage find 

damage zones wider by an order of magnitude. These indicators include fault zone 

trapped waves (e.g., Li et al., 1997; Ben-Zion et al., 2003; Li et al., 2004; Yang et al., 

2014; Li et al., 2016a,b), low-velocity zones(e.g., Thurber et al., 1997; Cochran et al., 

2009; Yang et al., 2011; Atterholt et al., 2021; Qui et al., 2021; White et al., 2021), 

geodetic studies (e.g. Fialko et al., 2002; Fialko, 2004; Materna and Burgmann; 2016; 

Xu et al., 2023), and controlled source seismic reflection studies (Alaei and Torabi, 

2017; Liao et al., 2019; Ma et al., 2019; Liao et al., 2020; Alongi et al., 2022). 
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Understanding the factors that control the disparity in results across methods is 

crucial for a unified depiction of the fault damage zone.  

Lastly, the link between damage zones and hydrological features needs to be 

clarified, particularly in marine environments. While multiple studies have proposed 

that fluids generated at depth are structurally controlled and guided by faults to seep 

at the seafloor, direct in-situ data establishing a conclusive link between faults and 

seeps is lacking (Trehu et al., 1999; Kluesner et al., 2013; Prouty et al., 2020; 

Rudebusch et al., 2023;). Therefore, connecting measurements taken at the seafloor 

with the extent of damage at depth is essential for extrapolating insights from data-

rich bathymetry and water column measurements to less abundant MCS seismic 

reflection data. 

To address the knowledge gaps outlined above, the present study focuses on the 

offshore portion of Palos Verdes Fault in southern California. It utilizes newly 

collected 2D high-resolution multichannel seismic (MCS) and chirp sub-bottom 

profiles. The seismic survey design, acquisition equipment, and seismic processing 

techniques provide an opportunity to investigate fault damage at a mesoscale (~ 3 m 

horizontal and vertical resolution). This approach enables mapping the fault damage 

zone in the context of depth, activity, and hydrological seeps, providing critical 

insight into this complex system at an unprecedented scale. 

In this study, it is shown that automated fault detection proves to be effective in 

accurately identifying faults within high-resolution MCS datasets. The fault 
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detections successfully localized around the active fault strand, even in the presence 

of a well-documented anastomosing fault network, demonstrating the reliability and 

applicability of the automated fault detection approach in capturing the actual fault 

location. The study establishes relationships between the fault damage zone, obliquity 

of the active fault trace, and displacement. Furthermore, the study employs fault 

damage and fluid seep proxies to explore the role of tectonic history in controlling 

fluid mobility around the fault zone. 

3.2 Tectonic Setting and Data 

3.2.1 The Palos Verdes Fault and Tectonic Context 

The Palos Verdes Fault (PVF) spans approximately 100 km in length and exhibits 

a northwest-southeast strike (Fig. 3-1). It extends both onshore and offshore across 

southern California within the Inner Continental Borderland tectonic province, and it 

accommodates a portion of the dextral shear between the Pacific and North American 

Plates (Fig. 3-1). Slip rate studies indicate that the Palos Verdes Fault slips 1.1 - 5.9 

mm/yr accounting for a significant percentage of total right lateral motion distributed 

amongst faults within the Continental Borderland (6 - 8 mm/yr) (Ward and Valensise, 

1994; McNeilan et al., 1996; Brankman and Shaw, 2009; Sorlein et al., 2013; 

Brothers et al., 2015; Wolfe et al., 2022). Studies employing controlled source 

seismic reflection data have revealed that the fault is near vertical in the sedimentary 

rock above the basement, which occurs at a depth of approximately 2 km (Fisher et 

al., 2004; Brankman and Shaw, 2009; Sorlien et al., 2013; Brothers et al., 2015; 

Alongi et al., 2022).  
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Over the past 25 million years, the crust surrounding the Palos Verdes Fault has 

experienced various stress states and stages of faulting in response to the plate 

boundary’s evolution. Before the Miocene (~ 25 Ma), the margin served as a 

convergent boundary between the Farallon and the North American Plates. The 

landward migration of the mid-ocean ridge led to the gradual introduction of 

progressively hotter and less dense oceanic crust entering the trench causing the 

Farallon slab dip to gradually decrease over time (Atwater, 1970; Bohannon and 

Geist, 1998). The increased subduction zone temperature caused by the proximity of 

the spreading center to the trench, led to the metamorphosis of the Cretaceous 

accretionary prism rock to the Catalina schist, which forms the basement rock in this 

region.  

By the early Miocene (~ 23 Ma), the plate boundary underwent reorganization, 

transitioning into a transform system (Crouch and Suppe, 1993). Later in the 

Miocene, oblique extension, rifting, and normal faults led to the development of 

basins in the Borderlands, as evident by fault-ward thickening of Miocene units east 

of the fault in seismic reflection data (Fisher et al., 2004; Brankman and Shaw, 2009; 

Alongi et al., 2022).  

During the early Pliocene (~6 Ma), the plate boundary stepped inland, forming the 

big bend, and the Borderlands faults underwent a transition from transtensional to 

transpressional systems (Yeats and Beall, 1991; Wright, 1991). This led to an uplift 

west of the Palos Verdes fault, juxtaposing older rock on the west and younger rock 
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east of the fault (Ward and Valensise, 1994) and is discussed in further detail in 

section 3.4.2 

17) 3-1 Palos Verdes Fault Map with Track Lines 

 

Fig. 3-1. Map of the Inner Continental Borderland and San Pedro Shelf in southern 
California. The inset map shows western North America with the red star indicating 
the study area offshore southern California; NA represents the North American Plate, 
PA represents the Pacific Plate, SAF represents the San Andreas Fault. Main map 
displays the location of mapped fault traces, with dashed pink lines representing the 
United States Geological Survey’s Offshore Quaternary faults (Walton et al., 2020). 
The solid purple line depicts the mapped location of the active Palos Verdes Fault 
(PVF) strand identified in this study. The blue lines indicate the track line locations of 
coincident multichannel seismic (MCS) and sparker sub-bottom (Chirp) profiles used 
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in the study. Yellow lines represent the location of cross-sectional profiles shown in 
detail in other figures. 

3.2.2 Data 

Previous studies investigating the offshore portions of the Palos Verdes Fault have 

used various controlled source seismic reflection datasets to map the fault (Rigor et 

al., 2003; Walton et al., 2020; Alongi et al., 2022; Wolfe et al., 2022). However, data 

acquisition, survey design, and processing limitations have hindered the resolution of 

secondary faults that comprise the fault damage zone at shallow depths (less than 400 

m below the seafloor). As a result, there is a lack of understanding regarding the 

extension of the fault damage zones to the seafloor, their relationship with 

bathymetric features, and their influence on seafloor fluid flow. 

To address this knowledge gap and provide an improved fault zone analysis, we 

conducted a comprehensive study incorporating in-situ observations of the damage 

zone at depth up to the seafloor.  The United States Geological Survey led a nine-day 

survey aboard the R/V Sproul to acquire high-resolution multichannel seismic (MCS, 

using a SIG 50-tip mini sparker sound source) and EdgeTech 2300 516 0.5 - 16 kHz 

(chirp) sub-bottom profiles. 97 coincident MCS and chirp track lines covering 975 

line-km were acquired along the San Pedro shelf and slope (Fig. 3-1 & C-1).  

The processed MCS data has a frequency range of approximately 100 - 300 Hz 

(Fig. C-2) and was recorded with ~ 120 m Geometrics GeoEel 40-channel streamer 

featuring group spacings of 3.125 meters and a sampling rate of 0.25 ms. The data 
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acquisition was conducted at a vessel speed of ~ 4 kts, with the streamer depth 

maintained at 2 m below the sea surface using Geospace Navigator birds.  

For precise measurements of the shallow expression of the fault and its associated 

damage zone, most (81 out of 97) of the track lines were oriented perpendicular to the 

PVF fault strike, spaced at ~500 m intervals (Fig. 3-1 & C-1). This approach allowed 

us to accurately assess the fault and associated damage zone over 30 km. The newly 

collected high-resolution MCS data provides sub-bottom imagery with sufficient 

signal quality down to about 400 ms two-way travel time (TWTT) below the seafloor 

reflector. 

3.3 Methods & Results 

3.3.1 Multichannel Seismic Processing 

The newly collected data underwent a rigorous workflow development phase using 

Shearwater Reveal software. The goal of the processing was to increase horizontal 

and vertical resolution, minimize the impact of source and receiver ghosts, and 

mitigate the impact of sea surface multiples. The seismic processing steps are 

outlined in Fig. 3-2, and further details can be found in Appendix 1-C. 

The initial steps involved importing the raw SEGD files and calculating the source 

and receiver geometry using shipboard GPS navigation. The seismic data collected in 

shallow water were affected by water column multiples, which can overprint and 

limit the interpretation of reflection data at depth (Dondurur, 2018). To remove these 

multiples, we used a modern surface-related multiple elimination workflow that 
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mathematically predicts multiples by autoconvolution and then removes them through 

adaptive subtraction (Verschuur et al., 1992). 

We estimated the source signature and performed pre-stack deconvolution to 

improve vertical resolution and reduce source ghosts and bubble-pulse (Sheriff & 

Geldart, 1995; Kluesner et al., 2019). Next, a critical step in high-resolution MCS 

data processing involves addressing along-streamer variations in receiver depths 

(Kluesner et al., 2019); without this step, destructive interference of high-frequency 

energy occurs during stacking and reduces the vertical resolution. This was addressed 

by applying pre-stack time shift static adjustments calculated from the cross-

correlation of the windowed seafloor reflection on shot gathers. We also obtained 2D 

track line velocities using semblance-based velocity analysis workflows and then 

applied them to normal move-out correction on common mid-point (CMP) gathers. 

The resulting CMP gathers were stacked to increase signal-to-noise and further 

suppress seafloor multiples (Yilmaz, 2001). 

In order to account for wave propagation effects and more accurately image the 

subsurface, and move reflected energy to its proper location, migration was done in 

the frequency domain using a phase shift migration method (Gazdag, 1978). We 

migrated the data at 1400 m/s, muting data above the seafloor and 1200 ms TWTT 

below the seafloor. Finally, we removed noise introduced in the deconvolution step 

by applying a structurally oriented denoising workflow to depths less than 400 ms 

TWTT below the seafloor (Hale, 2009). 
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18) 3-2 Processing Workflow and Fault Detection Schematic 

 

Fig. 3-2. Schematic workflow diagram illustrating the fault detection process. (a) 
Processing steps for the newly collected multichannel seismic data. (b) Explanation of 
the fault detection workflows performed on the processed data. (c)  Linking the 
observables and the datasets used in the study, color coded accordingly. (d) Cartoon 
view of semblance and fault likelihood calculation on a dipping reflector with a 
faulting discontinuity (highlighted by the purple line, left side up). The dip-steered 
semblance window follows the dip of the reflector over a moving window of 7 lateral 
traces and 32 ms two-way travel time. The green curve schematically shows 
semblance value of the profile tracking the dashed gray lines. The orange curve 
depicts the equivalent fault likelihood value as a function of profile distance, and high 
fault likelihood at the discontinuity. 

3.3.2 Mapping the Active Fault Strand 

To accurately map the active strand of the Palos Verdes Fault and establish it as a 

reference for measuring fault damage, we utilize multiple datasets, including MCS 

and chirp sub-bottom profiles and high-resolution multibeam bathymetry. Our initial 

effort to map the fault involved strike perpendicular MCS profiles and interpreting 

various seismic faulting indicators such as reflector offsets, truncations, and 

amplitude reductions (see Fig. 3-3). This allowed us to map the fault from the 

seafloor to a depth of 300 ms two-way travel time (TWTT) below the seafloor, 
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providing insight into its subsurface geometry and properties. We observed that the 

fault is nearly vertical within this depth range. 
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19) 3-3 Comparison of MCS with Fault Detections 

 

Fig. 3-3. A comparison of the preprocessed multichannel seismic (MCS) profile and 
with the thinned fault likelihood (TFL) attribute results for line 022, as indicated in 
Fig. 3-1. The view angle is from the southeast looking down the strike of the active 
strand of the Palos Verdes Fault (PVF) (shown in purple), which is identifiable by 
offset reflectors, folding, and near fault deformation features. The dimensions for the 
figures are indicated by the white bars. (a) Presents the processed dip-steered 
diffusion filtered results for comparison with transparent-to-red overlay of 
thresholded TFL in (b). The TFL attribute is truncated to highlight high fault 
likelihoods (TFL > 0.98) which is consistently used throughout the study and 
represent high fault likelihood or dissimilarity in seismic data. (c) Provides a zoomed-
in view of the fault detections around the PVF active fault strand. Insets in the lower 
left display the frequency spectra of the MCS data used (top) and the color bar and 
transparency ramp for the TFL attribute (bottom). 

In addition to MCS data, the chirp sub-bottom profiles played a crucial role in our 

study, particularly in examining the upper 25 ms TWTT of the fault zone and helping 
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to identify the fault strand with the most recent surface breaking rupture. These 

profiles not only revealed offset reflections but also unveiled seafloor offsets to 

provide additional evidence of recent fault offsets (see Fig. 3-4). The chirp profiles 

reveal a fault-related scarp, with the west side of the fault appearing elevated by as 

much as 3 meters (refer to Fig. 3-4 and Fig. C-3). 

20) 3-4 Chirp sub-bottom Profile - Seeps & Scarp 

 

Fig. 3-4. Chirp sub-bottom profile example for line 001, as indicated in Fig. 3-1. The 
white bars indicate the length and depth with extreme vertical exaggeration of the 
profile to highlight the fault scarp and fluid seeps. The Palos Verdes fault is 
represented by the red vertical line, clearly marked by a sharp boundary between 
horizontally continuous Quaternary sediments to the northeast and deformed Miocene 
lithologies to the southwest. Along the shelf, all profiles crossing the fault exhibit a 
notable scarp at the fault location that helps determine activity. In this example, three 
actively flowing seafloor seeps are visible, identified by reflections in the water 
column created by fluid of different densities. 

The scarp produced by fault offsets observed in the chirp sub-bottom profiles was 

also evident in the high-resolution bathymetry data. Once we had fully mapped the 

fault using the combined MCS and chirp profiles, we could trace the fault in finer 

detail by following geomorphic features on the seafloor. This meticulous mapping, 
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conducted at 50-meter intervals, provided us with the opportunity to test the potential 

impact of fault bends or variations in obliquity on the pattern of fault damage. In this 

context, we define the reference fault strike as 143°, which is the statistical mode of 

the fault azimuths (see Fig. C-5) along this segment. The term “obliquity”, denoted as 

α, is calculated as the difference between the reference strike minus the azimuth. 

Consequently, azimuths greater than the reference (oriented more north-south or 

clockwise rotation) have a negative obliquity, signifying right steps and 

corresponding to releasing or transtensional bends. Conversely, positive obliquities 

are counter-clockwise rotations and are more east-west of the reference, indicating 

left steps and compressional or transpressional bends. 
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21) 3-5 Obliquity of the Active Strand 

 

Fig. 3-5. Illustration of the variation in obliquity along the mapped Palos Verdes 
Fault. The colormap transitions from purple to red, representing the relative obliquity 
of the fault. Green hues indicate azimuths aligned with the reference strike (143 
degrees), see 3.3.2. Cooler colors (blue and purple) indicate right bends and are 
transtensional, while warmer colors (orange and red) are left bends, indicating 
transpressional. The green, blue, and purple lines depict the location of profiles 
referenced in Fig. 3-6. The red, pink, orange, and yellow lines indicate the location of 
profiles utilized in Fig. 3-9. 

3.3.3 Fault Detection 

We present a data-driven approach for fault detection in 2-D high-resolution MCS 

lines, illustrated in Fig. 3-2. This approach utilizes the thinned fault likelihood 

attribute, calculated using structurally oriented semblance over a moving space-time 
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window (Hale, 2013). The fault likelihood attribute is derived from the semblance 

values, which measure multi-trace similarity to infer the lateral continuity of seismic 

reflectors (Marfurt et al., 1998). Using a filter window size of 7 traces and 32 ms two-

way travel time, we calculate the fault likelihood as one minus the eighth power of 

semblance. The fault likelihood values range from 0 to 1, where 0 is low fault 

likelihood and 1 is high fault likelihood. 

In this approach, high semblance values indicate lateral continuity of horizons or 

reflectors, resulting in low fault likelihood values. Conversely, low semblance values 

indicate reflector discontinuities, leading to high fault likelihood values. The resulting 

fault likelihood image is then subjected to thinning, where local maxima in fault 

likelihood are connected over apparent dips of 75-89 degrees, assuming a velocity of 

2000 m/s, which represents an average seismic velocity of the sedimentary rock at 

these depths (seafloor – 400 ms TWTT beyond) as determined by geophysical sonic 

well logging (Alongi et al., 2022).  

To enhance the lateral continuity of reflections and reduce noise before calculating 

thinned fault likelihood, we employ a dip-steered fault enhancement filter. This 

method applies different filters based on nearby reflector dips, aiming to reduce 

random noise while preserving the integrity of sharp discontinuities of the fault 

(Tingdahl and De Rooij, 2005; Chopra and Marfurt, 2008). Specifically, a dip-steered 

median filter is used in areas where reflectors have shallow to moderate dips, while a 

dip-steered diffusion filter is applied in regions with high dips. Fig. 3-3 showcases the 
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result of the fault enhancement filter and the thresholded thinned fault likelihood 

detections, which will be explored in greater detail. 

3.3.4 Metric for Studying Fault Damage 

This study investigates the spatial variation of faulting and fracturing in the 

damage zone related to the active fault strand. To achieve this, we analyze seismic 

lines that are approximately perpendicular to the fault’s strike to quantify fault 

damage as a function of distance from the fault, spanning approximately 25 

kilometers of the length of the Palos Verdes Fault. By selecting the highest faulting 

probabilities from the thinned fault likelihood attribute (TFL) with a threshold set at 

0.98, we focus on fault detections that an interpreter would likely identify (Iacopini et 

al., 2016; Alcalde et al., 2017; Fig. 3-3). Additionally, we find that this threshold 

corresponds to an approximate inflection point in the histogram of the TFL data 

results (Fig. C-4). We conducted tests using other thresholds but found little 

difference in the results. 

Our analysis focused on the depth range extending from the seafloor to 400 ms 

two-way travel time (TWTT) below. This interval was chosen because it offers a 

favorable signal-to-noise ratio in the data, as signal-to-noise degrades below 400 ms 

TWTT. The seafloor was mapped during the processing and was used as a constraint 

to define the depth and extent of our investigation. Each seismic trace is a 1D z-

sampling of the TFL fault detection, consisting of 1600 samples that result from a 400 

ms depth span and the 0.25 ms sampling rate of the MCS data. To qualify fault 
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damage, we counted the number of samples in the trace that exceeded 0.98 TFL. This 

metric, referred to as thresholded counts, is used throughout the study. 

In order to examine how fault damage varies with distance from the fault, we 

measure the distance from each trace or sample to the precisely mapped location of 

the active fault. Given the variability in the results of fault damage (thresholded 

counts) with distance from the fault, we adopt a stacking approach to explore the 

average properties of the fault damage (Fig. 3-5). To create these stacked profiles, we 

needed to account for the non-uniform geometry of the track lines and resample the 

damage curves at uniform 3-meter distance increments. This resampling allows us to 

median stack the 2-D the curves, effectively collapsing the fault detection results 

along strike. These stacked results provide insights into the emergent characteristics 

of fault damage over the scale of the seismic survey. Differences in observed stacked 

damage curves are discussed in section 3.4.2.      
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22) 3-6 Distribution of Fault Detections - North, Central, & South 

 

Fig. 3-6. Visualization of the distribution of high probability thinned fault likelihood 
(TFL) detections variations with distance from the active fault strand, calculated from 
the multichannel seismic data over the depth range from the seafloor to 400 ms two-
way travel time below the seafloor. (a) illustrates individual line curves for different 
fault sections, as indicated in the inset map in (b). In (a), the lines are arranged in 
order from north to south for their respective sections, with the line number provided 
in the upper right corner; see Fig. A-1 for a detailed track line map. The light-weight 
lines represent the number of samples in the trace (3 m sampling) that exceeded 0.98 
TFL. The heavy-colored lines indicate smoothed data using a moving mean with a 
tapered cosine window (200 m width). (b) The median stack of each section as shown 
in (a). The heavy-weight dark line represents the median stack of all fault 
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perpendicular lines. It is important to note the variability in the fault zone in 
individual profiles compared with the averaged values. 

3.3.5 Seafloor Fluid Seeps & Fault Damage 

The conventional depiction of fault zone structure often portrays the tabular area 

around the principal slipping surface as more permeable than the surrounding host 

rock. This permeability contrast has been recognized as a significant factor in 

controlling fluid flow around faults (Caine et al., 1996; Guo et al., 2021). This study 

shows clear evidence of near-fault active fluid flow through observations of acoustic 

flares detected in the water column on chirp sub-bottom profiles (e.g., Fig. 3-4). 

These disturbances result from impedance differences caused by density variations 

between gaseous seeping fluid and ambient seawater (Suess, 2020) and were mapped 

on all chirp sub-bottom profiles. It is important to emphasize that the observed seeps 

represent a snapshot in time, portraying their activity during the survey. Additionally, 

the seeps are identified in 2D profiles, and the actual distribution of seeps is likely 

much more extensive than what the results depict. We qualitatively compare the seep 

locations with the fault detection data, and we find that seeps tend to concentrate in 

areas of high likelihood of faulting, particularly in proximity to the mapped active 

fault; further details will be discussed in Section 3.4.4. 

3.4 Discussion 

3.4.1 Damage Highlights Active Fault Strand 

Our analysis demonstrates that stacking thresholded fault detections, derived from 

thinned fault likelihood (TFL), closely aligns with the active fault strand of the Palos 
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Verdes Fault (Fig. 3-6b). There is a notable alignment between the peak in the 

stacked TFL results and the location of the meticulously mapped active strand 

(section 3.3.2), agreeing to within approximately 50 meters. This observation is 

intriguing because the peak in fault detections occurs at the location of the active 

strand even in the presence of the well documented multi-stranded Palos Verdes Fault 

(Brankman and Shaw, 2009; Sorlien et al., 2013; Walton et al., 2020; Alongi et al., 

2022) (Fig. 3-6).  

We interpret this correspondence between the peak in fault detections and the 

location of the independently mapped fault as a two-way relationship. It suggests that 

peaks in fault detection may not only be indicative of fault activity but also useful in 

aiding fault mapping efforts. This finding has broad implications for accurate 

identification of the active fault strand, which is crucial for seismic hazard assessment 

and risk mitigation. 

3.4.2 Average Fault Damage Pattern Robustness 

The analysis of fault detection using high-resolution MCS data reveals a 

remarkable degree of variability in damage results along strike, particularly on closely 

spaced lines. However, this complexity diminishes as we stack an increasing number 

of fault detection curves (Fig. 3-6). Each seismic profile and fault damage 

measurement represents an in-situ cross-section through the shallow subsurface. 

These high-resolution 2D MCS profiles share many characteristics with outcrops of 

faults in the field, albeit at 3-meter resolution, providing a detailed view of the 
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structures surrounding the primary slip surface. However, when these lines are 

stacked or averaged the fault detections along strike, a smoothed pattern of fault 

damage emerges, as depicted in Fig. 3-6b. These findings imply that the complexity 

in geologic observations of fault zones and the smoother characterizations of the 

damage zone often found in geophysical measurements of the damage zone may be 

reconciled. Stacking the damage profiles is like many geophysical measurements 

integrating damage information over a distance (i.e., tomography, fault zone trapped 

waves, geodesy). 

In other words, the fault zone exhibits significant variability in cross-section. 

However, it becomes systematic in its behavior with additional realizations or 

measures of the fault zone over the length of the fault. This has important 

implications for interpreting and incorporating fault damage information into models, 

seismic hazard assessments, and fault mechanics studies. 

3.4.3 Interpreting Fault Damage within Geologic Context 

There is a clear asymmetry to the stacked fault damage zone trends (Fig. 3-6b). 

There is a preference for damage to extend further to the west of the fault, while fault 

damage appears to be more localized east of the fault. We attribute this damage 

asymmetry to the well-documented tectonic folding and uplift occurring west of the 

fault (Ward and Valensise, 1994, Brankman and Shaw, 2009; Sorlien et al., 2013). 

This anticlinal uplift has resulted in older, more deformed/faulted rock being 

juxtaposed against younger, less deformed rock on opposite sides of the fault. 
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Consequently, the increased fault damage on the western side of the fault can be 

attributed to the presence of more deformed and fractured older rocks. These highly 

fractured rocks provide fluid pathways, which are further explored in section 3.4.6, 

and may explain the pattern of seafloor seeps. 

The northern section of selected profiles, represented by the green curve in Fig. 3-

6b, features two distinct peaks in damage detections that can be attributed to the splay 

in the fault zone here. One peak of fault damage aligns with the fault itself, while the 

other is located approximately 800 meters to the west. This observation is consistent 

with the trace locations of the fault provided by the United States Geological 

Survey’s Offshore Quaternary Faults database (Walton et al., 2020) which includes a 

bifurcation of the fault as it extends northward (Fig. 3-1). The eastern strand is 

continuous and has been confirmed to extend into Santa Monica Bay, where the 

western strand is not apparent beyond the Palos Verdes Peninsula (Wolfe et al., 

2022). Building upon our earlier suggestion in section 3.4.1 that fault activity is 

linked to fault detections, we suggest that both strands are likely active. The 

amplitude of the peak delineating the eastern strand is greater than for the western 

peak, which makes sense when considering that the eastern strand is longer and has 

experienced more cumulative slip and thus more damage.  

The central section of the study area, indicated by the blue curve in Fig. 3-6b, has 

the highest peak in fault detections. The damage extends further east and west 

compared to the all-stack average trend and the north and south sections. 
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Qualitatively, this section of the fault is the most damaged in terms of fault detections 

and is evident in seismic profiles themselves. Mapping the active strand in this area 

was particularly challenging due to the presence of multiple fault strands in the MCS 

profiles. We suspect that the increased damage observed here is likely due to the left 

transpressional bend in the fault (Fig. 3-1, 3-5, & C-5). Previous studies have shown 

that fault bends tend to increase the number of fault strands required to accommodate 

the obliquity and thus leading to increased damage and width relative to straighter 

sections of the fault (Kluesner and Brothers, 2016; Alaei and Torabi, 2017), and this 

will be explored in detail in the next section. 

The southern section of the study area, highlighted by the purple curve in Fig. 3-6, 

exhibits the least amount of damage compared to the north and central sections. This 

section of the fault is characterized by its relatively straight and simple nature, with 

minimal influence from other fault strands or splays (Fig. 3-5). Additionally, the 

proximity to the end of the fault at Lasuen Knoll (Fig. 3-1) may contribute to the 

reduced fault damage. Further details regarding this aspect will be discussed in more 

depth in section (3.4.5). 

3.4.4 Fault Obliquity Impacts the Fault Damage Zone 

Our objective is to understand how local changes in fault strike or fault obliquity 

manifest as fault damage. We make use of the variations in fault strike that vary by up 

to 15 degrees (Fig. 3-5, 3-7), that are observable through detailed mapping efforts 

(see section 3.3.2). Here we explore how these bends in the fault or changes in strike 
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create zones of transpression and transtension (Sanderson and Marchini, 1984; 

Sylvester, 1988; Cunningham and Mann, 2007) that may manifest as additional fault 

strands and deformation patterns.  

To assess the impact of obliquity of fault damage, we calculate the deviation from 

the reference azimuth (143°) which we define based on the statistical mode derived 

from the distribution of azimuths that constitute a majority of the fault azimuth (Fig. 

C-5). This azimuth matches the strike of the fault in the southern portion of the survey 

area where there is a decrease in near fault folding and vertical offset across the fault 

which provides further clues that the reference azimuth is the preferred orientation of 

the fault. Obliquity is calculated as the reference azimuth minus the azimuth and 

defined at 50 m intervals along the fault trace and represents the deviation from the 

preferred orientation. Fig. 3-7 displays the results of the obliquity calculation as a 

function of distance along strike. 
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23) 3-7 Fault Detections and Obliquity vs. Along Strike Distance 

 

Fig. 3-7. Illustrating the variability in the fault detections and fault obliquity with 
distance along strike. (Left) the curves depict the counts of thresholded Thinned Fault 
Likelihood calculation [TFL > 0.98] as a function of distance from the fault. Gray 
shading under each fault detection curve aids in visualization. Positive fault distances 
are locations east of the fault and the along strike distance is measured with respect to 
the north-western edge of the survey (Fig. 3-5). (Right) illustrates obliquity, α in 
degrees that fluctuates along the fault’s length. Positive α values are considered 
compressional regions, while negative α denotes extensional conditions. The 
obliquity bins utilized for stacking the data in Fig. 3-8 are highlighted in purple, 
green, orange, and red accordingly, with curves contributing to the obliquity bin 
maintaining consistency. The dashed blue line represents the plate motion direction 
(mean = 137°) from terrestrial Global Navigation Satellite Systems in the Palos 
Verdes Hills and Long Beach area.  

Next, we categorize the 40-fault perpendicular fault detection profiles into four 

equal sized bins based on obliquity and stack the curves following the method 

outlined in 3.3.4. In order for a fair comparison between the obliquity stacks we 
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require an equal number of observations in each. This is because increasing the 

number of curves in the stack tends to smooth the results (as discussed in 3.4.2) and 

could bias qualitative comparison. The stacked results are presented in Fig. 3-8. 

We interpret the stacked obliquity curves presented in Fig. 3-8 as being influenced 

by the degree of obliquity. The green curve (Fig 3-8b), representing a very narrow 

obliquity range (-0.4° to 0.7°), essentially mirrors the reference azimuth and features 

the most localized and narrow fault damage zone. Many of the individual curves 

contributing to stacked results are located in the southern region of the survey area, 

where we observe less near-fault deformation and fewer fault strands. We interpret 

this obliquity range to be the ideal fault strike because the fault zone is narrow, and it 

is also the most common fault azimuth. Based on this assumption and interpretation, 

the qualitatively wider and more distributed purple curve, and orange curves (Fig. 3-

8a, c) may be caused by the increased relative obliquity. We find that when obliquity 

increases further, beyond 4.8° as in Fig 3-8d, we observe an even broader distribution 

of damage and a less clearly identifiable ‘main strand’ or peak in damage. The 

correlation between obliquity and the lateral extent of deformation is consistent with 

analog experiments (Dooley and Schreuers, 2012) as well as theoretical 

considerations (Sanderson and Marchini, 1984; Fossen and Tikoff, 1993). We suspect 

that the increase in damage west of the fault in the divergent curve (Fig. 3-8a) may be 

due to the superposition basin-bounding normal faults in the pull-apart basin that 

increase in separation (Fig 3-7 along strike distances between 15 – 20 km).  
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24) 3-8 Obliquity Fault Detection Stacks 

 

Fig. 3-8. Fault damage data are stacked according to the obliquity of the fault. The 
different colors represent the obliquity (α) of the fault with respect to the reference, 
see text in section 3.4.4. (a) The purple curve represents an extensional or divergent 
fault bend. (b) The green curve is interpreted to be well aligned with the preferred 
orientation of the fault. (c) The yellow curve represents a compressional or 
convergent fault bend. (d)The red curve represents the stack of the highest convergent 
and compressional fault bends that are greater than 4.8 degrees of obliquity. 

3.4.5 How Cumulative Fault Displacement Relates to the Fault 
Damage Zone  

In order to investigate the influence of varying cumulative displacement along the 

PVF on fault damage, we concentrate on the southern section of the surveyed area. 

This choice allows us to potentially isolate the impact of displacement from obliquity 

factors discussed earlier. The selected fault segment lies to the south of the shelf 

break and is relatively straight and features minimal obliquity deviations (Fig. 3-5).  
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To facilitate our investigation, we consider two key assumptions. First, we exploit 

the fundamental principle that cumulative slip along the fault profile must ultimately 

reach zero at the fault’s tip (Segall, 2010). Second, we assume that the slip direction 

has remained constant. This assumption is based on our focus on depth ranges 

extending from the seafloor to 400 ms two-way travel time below, which corresponds 

to an approximate depth of 400 meters, assuming 2000 m/s velocity. The sedimentary 

rock formations we analyze date back to Mid-Pliocene, approximately 3 million years 

ago, which is well after the documented reorganization of the plate boundary (as 

detailed in section 3.2.1). 

Our methodology relies on the application of linear elastic principles and leverages 

the elliptical relation between displacement and the distance from the fault tip (Tada 

et al., 1973; Segall and Pollard, 1987; Burgmann et al., 1994). This relationship is 

mathematically expressed as: 

(3)    𝑢𝑢 =  2 𝛥𝛥𝜎𝜎 (
(1 − 𝜈𝜈)

𝐺𝐺
) (𝑎𝑎2 −  𝑥𝑥2)1/2 

where u is the calculated displacement, v denotes Poisson’s ratio, G is the shear 

modulus, a represents the half length of the fault, x is the distance from the center of 

the fault, and 𝛥𝛥𝜎𝜎 is the scalar stress drop.  Our calculation assumes an estimated 

displacement of 5 km on the mid-shelf (Brankman and Shaw, 2009), while the 

reference point for zero displacement is anchored at a location devoid of observable 

fault offsets, as supported by legacy seismic line WSD81-712 (Triezenberg et al., 

2016), positioned approximately 50 kilometers along the southwest projection of the 
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fault (depicted in Fig. 3-9). Subsequently, we employ the relationship outlined in 

equation (3) to estimate the displacement for four subsections within the southern 

region, as illustrated in Fig. 3-9. Our aim is to explore how variations in displacement 

may correlate with changes in the associated damage zone. 

 

25) 3-9 Damage Stacks - Southern Section 
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Fig. 3-9. Displaying the decrease in fault damage towards the south. Panel (a) 
visualizes the variation of stacked and thresholded thinned fault likelihood (TFL > 
0.98) with distance east of the active strand of the fault, similar to the plots shown in 
Fig. 3-6. The stars on the curve represent the edges of the damage zone, defined as 
where the value equals 5 % of the peak damage with the red and blue stars 
corresponding to the western and eastern edges, respectively. The locations of each 
stack subsection are depicted in (b) where colors remain consistent in all subplots. 
The curves and edges are obtained through 1000 bootstrap iterations, and the results 
for the measured edge distances and integrated quantities are presented in (c). (d) 
Showing fault zone width as a function of estimated displacement, details on the 
displacement estimation are presented in the text, section 3.4.5. 

In order to compare estimated displacement along the fault to the damage zone 

width we seek to determine the lateral limits or width of the damage zone without 

relying on a functional form. To achieve this, we identify the left and right edges of 

the damage curve as the location on each side of the peak where the value equals 5% 

of the maximum value, indicated as stars in Fig. 3-9a. To assess the reliability of our 

edge determination, we employ bootstrap resampling with replacement of the data, 

following the approach outlined by Efron and Tibshirani (1994). Through 1000 

bootstrap iterations for the edges calculation and find that this metric provides rather 

stable results (Fig. 3-9c). 

The analysis indicates that damage width decreases monotonically to the south-

east covering approximately 13 kilometers of fault length. This decline in damage 

width can be attributed to the known tendency for cumulative fault slip to decrease 

toward the fault’s ends. In this context, the decrease in damage width aligns with 

scaling relationships that link damage width to cumulative slip (Savage and Brodsky, 

2011; Alaei and Torabi, 2017). The results presented here are consistent with 

compilation studies of damage zone width and displacement (Fig. 3-10, blue points; 
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Savage and Brodsky, 2011; Alongi et al., 2022). However, it is important to note a 

deviation from expectation. The pronounced increase in the width of the damage zone 

with displacement is significantly greater than what one would anticipate solely on 

the scaling relationship. This leads us to conclude that the overall width extent is 

governed by fault displacement, however the rapid increase in width to the north may 

be influenced by the decreasing obliquity observed in Fig. 3-5. 

It is worth highlighting that the choice of displacement scaling relationship affects 

the calculated displacements experienced by each subsection. Some studies favor a 

linear slip relationship with fault length (Cowie and Scholz; 1992 a, b; Dawers et al., 

1995; Cartwright et al., 1995; Manighetti et al., 2001; 2003; 2005; Kim and 

Sanderson, 2005). If we were to adopt a linear scaling of fault length with 

displacement, instead of the elliptical relationship used, it would reduce the calculated 

slip by a factor of 2 (Fig. C-6). Our results, regardless of the slip-scaling relationship 

used, exhibit a more dramatic increase in the width of the damage zone with 

displacement than what is observed in the compilation trend (Fig. 3-10). 
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26) 3-10 Damage Zone vs Displacement - Comparative 

 

Fig. 3-10. Comparison of the damage zone width versus displacement, along with 
previous compilation study results. The blue squares indicate widths were estimated 
from bootstrapping results that were presented in Fig. 3-9. The purple inverted 
triangles represent damage width estimates shown in Fig. C-7 with displacement 
estimated using the slip-rate and age, see text. 

To further investigate the relationship between fault displacement and fault 

damage, we examine two different depth intervals. The assumption is made that fault 

slip rate remains constant through time, allowing us to calculate the displacement 

experienced by rock adjacent to the fault based on its age. To determine the ages, we 

use documented sediment ages from Ponti et al. (2007) and extend horizon mapping 

from Ehman et al., (2014) onto the MCS lines in this study. This information helps 

establish the approximate age ranges of two depth intervals:  
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(1) from the seafloor to 100 ms two-way travel time (TWTT). This interval 

approximately corresponds to the Dominguez and Mesa sequences, dating to 15,000 

and 30,000 to 80,000 years respectively.  

 (2) 100 to 200 ms TWTT below the seafloor. This deeper interval encompasses 

the Pacific Harbor and Bent Springs sequences, spanning age estimates from 110,000 

to 300,000 years.  

These age estimates were determined using correlative Marine Isotope Stages with 

Oxygen 18 isotopes (Grossman & Joachimski, 2020) or more precisely with optically 

stimulated luminescence dating techniques (Rhodes, 2011). 

We calculate the fault offset for these two units given their approximate age and an 

average slip rate of 3 mm/yr (which is the rounded median of published slip rates that 

range from 1.8 - 4 mm/yr (Ward and Valensise, 1994; McNeilan et al., 1996; 

Brankman and Shaw, 2009; Sorlein et al., 2013; Brothers et al., 2015; Wolfe et al., 

2022). The damage zone width is determined by measuring twice the distance from 

the point where the value equals 5% of the peak value shown in Fig. C-7, and the 

resulting two points are shown as purple triangles on Fig. 3-10.  

The data presented here suggests that the width of the damage zone does not 

significantly narrow with depth. This observation deviates from the typical model of 

strike-slip faults that exhibit flower structures or a localization of the fault zone with 

increased depth as described by Sylvester (1988). However, it is important to note 

that this observation may be unique to syndepositional faults characterized by offsets 
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that increase with depth. Nonetheless, our findings highlight that differential offset, 

both along strike and depth, may influence the lateral extent and intensity of fault 

damage. 

 
3.4.6 Fault Damage Controls Fluid-Flow 

Our analysis reveals a clear correlation between the location of active fluid seeps 

and the thinned fault likelihood (TFL) attribute, as shown in the map in Fig. 8. This 

correlation suggests that the fault damage, which provides enhanced permeability 

(Caine et al., 1996; Faulkner et al., 2010; Bense et al., 2013), is facilitating the escape 

of fluids from the seafloor that we observe in the chirp sub-bottom profiles. 

Interestingly, we find that seeps are predominantly observable to the west of the fault 

and are primarily confined to the shelf area. This indicates that fault alone is not the 

sole control on seafloor seepage. The absence of seeps to the east of the fault as well 

as on the slope suggest that a young sediment cap may be preventing the free escape 

of fluid from the seafloor in these areas. We suspect that the series of seeps observed 

at the eastern edge of the study area are associated with the damage zone of the 

Thums-Huntington Beach fault. 
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27) 3-11 Fault Detections and Seafloor Seeps 

 

Fig. 3-11. Comparison of the thresholded thinned fault likelihood attribute (TFL) with 
the locations of the manually mapped seafloor seeps depicted by light green circles. 
(a) The TFL color palette ranges from purple at low fault detection levels, to white 
representing highly faulted areas. Additionally, a contour of the TFL detections is 
included to assist the reader. Fault detection data is displayed for shelf regions, and 
the shelf break is represented by a dashed brown line. (b) Comparison of binned 
number of seeps and thresholded TFL detections as a function of lateral distance east 
of the fault. 

 
Overall, our findings highlight the complex interplay between faulting, 

permeability, and fluid flow dynamics in the study area, schematically shown in Fig. 
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3-12. The correlation between active fluid seeps and the TFL attribute suggests that 

fault damage acts as a preferential pathway for fluid migration and escape. 

Understanding the factors controlling fluid seepage in this region is crucial for 

comprehending the broader feedback between active tectonics and fluids. 

28) 3-12 Fluid System Schematic 

 

Fig. 3-12. Schematic cross-section cartoon representing the fluid system in section 
3.4.5 of the text. Fluids generated at depth migrate toward the seafloor through the 
high permeability fault damage zone, represented by red subvertical lines. The fault 
damage, combined with the tectonic history of the Palos Verdes Fault region, 
influences the spatial distribution of fluids released at the seafloor. Long-term uplift 
west of the fault brings older, more damaged rock closer to the seafloor, preventing 
the accumulation of Quaternary sediments; this facilitates the uninhibited release of 
fluids. Conversely, to the east of the fault where the damage is low and a thick 
sediment cap exists, fluids tend to be trapped within formation beds. 

3.5 Conclusion 

In conclusion, our study comprehensively investigates fault damage zones, fluid 

seeps, and their relation to the active strand of the Palos Verdes Fault. Using high-
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resolution multichannel seismic (MCS) and chirp sub-bottom profiles, we have 

identified the active fault strand and characterized the damage distribution along the 

broader fault zone. We observe the highest intensity of damage occurring at the 

location of the active strand. Our findings demonstrate the effectiveness of the 

automated fault detection method in accurately identifying the active fault strand 

within a complex fault network, thereby offering a valuable tool for future studies in 

fault analysis and seismic hazard assessment. 

We note that fault zones are highly variable in signature and lateral extent in MCS 

cross-section profiles; however, a consistent pattern emerges when fault detections 

are averaged along strike. This suggests that the smoothness of fault damage zone 

studies observed in other geophysical studies is likely a low-passed averaged 

depiction of the fault zone, potentially obscuring additional complexities observed in 

field studies that are averaged out. 

Furthermore, we establish a correlation between fault damage zone width and 

displacement along strike and depth, underscoring the influence of cumulative slip on 

the extent of the damage zone. Additionally, we uncover a connection between the 

degree of damage localization and the obliquity of the fault. Our findings indicate that 

increasing fault obliquity, whether in restraining or releasing bends, amplifies the 

distributed nature of the fault damage zone. This insight into fault obliquity explains 

the variation in fault damage observed along the length of the fault. While overall 
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width and distribution of damage may be controlled by displacement, fault obliquity 

also plays an important role. 

By combining the fault damage analysis with observations of fluid seepage 

patterns, we uncover the role of tectonic history and sedimentation in controlling fluid 

mobility around the fault. The observed correlation between fault damage and fluid 

seeps provides insight into how faults govern subsurface fluid flow and expulsions at 

the seafloor. The absence of fluid seeps in areas with thick quaternary sediment 

suggests that the fluids are trapped in these layers without any clear pathways 

(faults/fractures) to the seafloor. 

Appendices 

Appendix A – Supplemental Information for Chapter 1 

29) A-1 Event Depth Distribution 

 

Fig. A-1. Histogram showing depth distribution for events that locate within 5 km of 
McCrory 2012 plate interface model. The mean of this distribution is 20.8 +/- 3.2 km. 
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30) A-2 Map of Events within 5 km of Plate Interface 

 

Fig. A-2. Map showing all 200 events that locate to within +/- 5 km of the plate 
interface that had 3 or more phase arrivals detected at permanent NCSN stations. The 
events are scaled by their magnitude and colored according to depth. Time series 
showing the detections of all events is shown in Fig. A-3. The Fortuna cluster events 
are outlined in blue, the time series showing these events can be found in the main 
text Fig. 5. All other events outside of this CM04 cluster are outlined in gray.  

31) A-3 Time Series of All Plate Interface Events 
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Fig. A-3. Time series of all template matched detections. All 200 template locations 
can be seen in Fig. A-2.  

32) A-4 Map Number of Template Matched Detections 

 

Fig. A-4. Figure showing plate interface templates where the circles are scaled by the 
number of match detections that the template event detected. 

 

33) A-5 First Motion Focal Mechanism Examples 
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Fig. A-5. Lower hemisphere stereonet projections depicting two examples of fault 
planes generated by Hash, shown by great circle paths lines. Markers are plotted 
according to azimuth and take of angle. Take off angles that are up rather than down 
are translated to their lower hemisphere projection. Short period CI CM stations were 
installed with reverse polarity identified clearly by teleseismic event, and were 
corrected. Closed circles depict compression or ups on seismograms and open circles 
indicate dilations or downs on seismograms. (top) shows an example of a mostly 
strike slip event with 1 arrival that is inconsistent with the generated mechanism. 
(bottom) an example of a dip-slip event, that could not easily be fit with a strike-slip 
mechanism without violating several arrivals. 

34) A-6 Comparison of Results to Existing ANSS Catalog 

 

Fig. A-6. Map showing how this study’s locations (n = 1452) compare those in the 
ANSS Comat catalog (n = 552) over the same time period (Jul 2014 - Oct 2015). Our 
final locations are in blue, and the existing ANSS locations are shown in red, and the 
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marker sizes are scaled by magnitude. Notice the linear features that are apparent in 
the relocations that are only hinted at in ANSS catalog, and the identification of many 
more small events. 

 

35) A-7 Events and Crustal Faults? 

 

Fig. A-7. Events colored by depth and USGS q-faults database indicated with red 
lines. Most events are too deep to confidently correlate quaternary faults. Gray boxes 
pointing out linear trends of seismicity that are pointed in the Discussion section of 
the main text. 

36) A-8 Gutenberg Richter Magnitude Distribution 
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Fig. A-8. This figure shows the Gutenberg Richter plot of magnitudes vs cumulative 
number of events below each bin. Note the clear difference in magnitude of 
completeness between existing ANSS catalog over the same time period and region 
of interest as our study. Magnitude of completeness was calculated with maximum 
curvature method, using bin spacings of 0.2. 
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37) A-9 Fortuna Cluster Weak Migration Pattern 

 

Fig. A-9. Showing cluster of events with weak migration patterns (top) latitude 
(bottom) longitude variation with time. A hint of migration from NE-shallower to SW 
- deeper 

38) A-10 Temporal Relationship of Seismicity with Borehole Strain Meters 
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Fig. A-10. Figure showing nearby borehole strainmeters B045 (top) & B933 
(bottom). Station B935 is not shown because of instrumental malfunctioning, 
documented on Unavco website. For station locations see Fig. 1. 2Ene, Eee + Enn, 
and Eee - Enn components are corrected strain data level 2, and the raw gauge 0,1,2,3 
are shown in the figure below. The red line indicates the timing of cluster initiation as 
shown in Fig. 5,(Feb 2014). Blue line shows the timing of the M 6.8 earthquake. Note 
the drop in the areal strain at the time cluster initiation. 
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Appendix B – Supplemental Information for Chapter 2 

1-B. Merging well and seismic data 

The delta time log from the well LAS files (in depth) were used to create velocity 

models for each well, in order to import and combine with the seismic data (in two-

way travel time). We used a moving average over a 100-sample window (sampling 

rate of 6 inches) of the delta time logs, dropping the first 200 samples because these 

were often providing unrealistic values. The delta time data were then converted to 

velocity in meters per second. We then interpolated the velocity values as a function 

of depth and extrapolated to water velocity at the seafloor. The 1D velocity models 

could then be imported into interpretation software and display the well track in two-

way travel-time rather than depth. The stratigraphic logs that indicating unit changes 

which are in measured depth can then be imported into interpretation software and 

displayed in two-way travel-time (Fig. A-3 & A-7). We then use arbitrarily oriented 

seismic lines within the 3D volume to connect wells and interpret the horizon first at 

well log and then map in full 3D space. 

2-B. Seismic Resolution 

The resolution of seismic images and volumes are dependent on several 

parameters intrinsic to acquisition.  

The horizontal resolution is limited by the Fresnel zone of the spherically 

expanding wavefront from the seismic source that forms a circular area on a 

reflection surface. This can be expressed as:  
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𝑟𝑟 =
𝑣𝑣
2
√(
𝑡𝑡
𝑓𝑓

) 

Where v is the velocity of the medium, t is two-way travel time, and f is the 

dominant frequency. If we assume v = 2500 m/s which is a typical velocity at t = 1 s 

two-way travel time and dominate frequency f = 30 Hz from the source given by the 

power spectral density (Fig. 3). Fresnel horizontal resolution limit is ~ 230 m. 

However, seismic migration seeks to restores diffracted energy to its correct location, 

the reflection or diffraction point, it is often assumed that the horizontal resolution of 

fully 3D migrated seismic data is approximately equal to the seismic bin spacing. For 

the Chevron volume this is 50 x 25 m (crossline x inline directions) and the Shell 

volume the seismic bin spacing is 25 x 12.5 m (crossline x inline directions). 

The vertical resolution in seismic data is dictated by the Rayleigh limit of 

resolution that describes two reflecting events should be separated by a half cycle 

otherwise the events will constructively interference and be unresolvable: 

ℎ =
𝜆𝜆
4

 

Where h is the thickness limit of resolution and λ is the dominate wavelength of 

the source. Using λ = v/f and substituting in we have  

ℎ =
𝑣𝑣

4𝑓𝑓
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Using the same values as before, v = 2500 m/s and f = 30 Hz gives a horizontal 

resolution limit of ~ 20 m. Vertical resolution is unaffected by migration and the 

dominant frequency doesn’t change much with depth; however, rock velocities 

increase with depth (Fig. B-1) so vertical resolution decreases. Even at velocity 4000 

m/s the vertical resolution is still ~ 30 m.  

The spatial resolution for these seismic datasets is approximately the rectangular 

cuboid (voxel) of the seismic bin dimension x the vertical resolution. These spatial 

dimensions and limits of resolution are larger than many geologic attempts at 

quantifying damage (resolutions undefined) and many of the fine scale features seen 

at outcrops are unresolvable these seismic datasets. The grid cell size (typically ~ 1x1 

km) for tomographic studies of fault zones are generally 2 orders of magnitude larger 

than those of the present study. 
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39) B-1 Well Derived 1D Velocity Models 
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Fig. B-1. Showing calculated velocity models (described above) used to convert two-
way travel time to depth and depth to two-way travel time. The data were and 
smoothed using a moving hamming taper window. 

40) B-2 Fault Detections in 2D and 3D 
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Fig. B-2. Selected two-dimensional (2D) seismic lines that were processed with dip-
steered diffusion filtering, and 2D thinned fault likelihood computed, shown in red. 
The map in the upper right shows the 2D lines that intersect the volume. The lines in 
red are the examples shown. The left panels show 2D Western Gebco seismic lines, 
the center panel shows a line oriented in the same orientation as the 2D lines through 
the Chevron volume that are outlined in dark blue, with chevron seismics and thinned 
fault likelihood computed on the three-dimensional (3D) volume. The right panel 
shows lines oriented to the 2D lines of the shell seismics and thinned fault likelihood 
computed on the 3D volume. 

41) B-3 Example of Well Logs, Horizons, and Reflection Profiles 
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Fig. B-3. Perspective view looking from east to west of seismics, well logs, and 
horizons. The seismic line running through the near vertical wells is an arbitrary line 
running through most of the wells, the gray scale shows the dip-steered diffusion 
filtered Chevron volume seismics. The perpendicular line shows two-dimensional 
(2D) Western-Gebco seismic line (WC80-262) also with dip-steered diffusion 
filtering. Overlain on the seismics are the mapped horizons shown in bright colors. 
Note the agreement with the 2D seismics. The black near vertical wells contain 
colored disk at the lithology contacts. 

42) B-4 Impact of Binning on Exponential Fits 
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Fig. B-4. Showing tests of bin sizes 100, 50, 25, 10 m from top to bottom. (left) plots 
show results for the Chevron volume and (right) shows results for the Shell volume. 
Note Xo, C, and B are insensitive to the tested bin dimensions. 
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43) B-5 Bootstrap Results for Exponential Fit Parameters 
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Fig. B-5. Bootstrapping histograms & distributions for exponential fit parameters Xo, 
C, and for the background B from Fig. 2-5 and Table 1. Lime green and forest green 
represent the Chevron and Shell volumes. Data were randomly resampled with 
replacement 3000 times and least squares fits were performed. 

44) B-6 Bootstrap Results for Exponential Fit Parameters - Lithology 

 

Fig. B-6. Bootstrapping distributions for exponential fit parameters Xo, C, and 
background B from Fig. 2-6 and Table 1. (A) Exponential slopes Xo, (B) 
backgrounds B (mean of fracture probability from distances, 2000 – 3500 m), (C) 
Intercepts C. (Left) plots are results for the Chevron dataset, and (right) are results for 
the shell dataset. Data were randomly resampled with replacement 3000 times and 
least squares fits were performed to obtain Xo and C. 
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45) B-7 Example of Constrained Lithology 
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Fig. B-7. Perspective view looking at Shell Seismic inline 1325 and crossline 1700 
along with Repetto upper and lower horizons projected onto the seismic sections. The 
vertical well line log P301-1 in white, with oval markers indicating the location of 
lithology changes converted from depth to two-way travel time that were used to 
constrain the horizons. The red volume has been constrained to between the upper 
and lower surfaces and cut back to reveal the agreement between the well-contacts, 
horizons, and subset of volume.      

46) B-9 Fault Damage Width Comparison with Compilation 

 

Fig. B-8. Showing results from the present study to compilation of fault zone widths 
vs displacements results (Savage and Brodsky, 2011). Dashed green line shows the 
most likely change point determined using Bayesian information criteria, see their 
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paper for more details. Dashed red line is a power law fit through the data (first 
slope), of the form W = Cxm, and m = 0.56. We take displacement = 5 km (Brankman 
and Shaw, 2009) and total width = 4 km. 

 

      

 

47) B-9 Comparison to Other Automated Damage Detection Study 

 

Fig. B-9. showing exponential decay results of this study and Liao et al., 2019. The 
gray circles (same data as Fig. 2-5. Chevron) are normalized fracture probability with 
normalized distance from the fault, where normalization is done at the edge of the 
damage zone (2000 m). The red line is the exponential fit to the data P = ae-bx to 
match the results in the Liao et al., study. The blues and greens are fits done in the 
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Liao et al., study. (top) is semilogy and (bottom) is semilogx, to match Fig. 8 in Liao 
et al., 2019. The mean R2 value for the reported Liao19 fits was 0.72 and ours is 0.99. 

48) B-10 Fracture Probability Lithologies for 4.5 of Fault Length 
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Appendix C – Supplemental Information for Chapter 3 

1-C. 2021 Sproul MCS seismic processing 

The collected high-resolution multichannel seismic (MCS) and coincident Chirp 

data were acquired during field operations (2021-614-FA) aboard the R/V Sproul 

from May 13, 2021, to May 22, 2021. The survey was conducted offshore of southern 

California, specifically in the inner continental borderlands tectonic region. The focus 

of the survey was to collect seismic lines perpendicular to the Palos Verdes Fault with 

close adjacent line spacing of approximately 500 meters to explore the spatial 

properties and distribution of faulting in the shallow subsurface. 

For the MCS data acquisition, a SIG multi-tip sparker sound source was used, 

towed several meters below the sea surface. The source signal was recorded using 

hydrophones, although the recorded data were not used in subsequent processing 

steps. The seismic reflection data was recorded using a ~120 m Geometrics GeoEel 

40-channel streamer, with group spacings of 3.125 meters and a sampling rate of 0.25 

ms. The tow depth of the streamer was controlled using Geospace Navigator birds, 

maintaining a depth of approximately 2 meters below the sea surface. The acquisition 

vessels operated at a speed of ~ 4 knots during data collection. 

Prior to any interpretation or application of fault detection attributes several 

processing steps were conducted on the MCS data. The following describes the 

processing steps undertaken. 
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Shearwater Reveal 4 and 5 were used to process the raw seismic data: 

1. Raw data import: the raw SEGD files were imported, and navigation and 

timing headers were populated from shipboard GPS records. The latitude 

and longitude navigation were converted to Universal Transverse Mercator 

zone 11 North datum. Static corrections were performed. 

2. Source and receiver geometry were calculated by projecting the survey 

setup geometry back from measured distances from shipboard GPS 

antennae. The distance from the antennae was 37 m and 78 m for the 

source and channel 1 respectively. We used a seismic bin spacing of 3.125 

meters and the data were bandpass filters 30-60-1100-1800 in freq. domain 

using filter length 500 ms. 

3. Traces were renumbered and a brut stack of data was done at water 

velocity for quality control and so water bottom (seafloor) could be picked. 

Picking was done manually approximately every ~ 100 CMP (~150 m) on 

slope and ~ 400 CMP (~600 meters) on the shelf about 15 ms above the 

seafloor. 

4. Trim-statics were performed to correct for any inconsistencies in stream 

tow depth (slanted or sagging streamer). Pre-stack data were moved out at 

water velocity and cross correlation were performed on low pass filtered 

data windowed around the seafloor reflection in order to make small shifts 

in the traces and ‘flatten’ the streamer. 
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5. RMS Seismic velocities were determined by semblance analysis. Seismic 

velocity was determined as a function of depth by finding the velocity that 

maximizes multi-trace similarity over a time window. 

6. Surface Related Multiple Elimination was carried out in a multi-step 

workflow that was designed with the help of Shearwater. 10 extra near 

source offset traces were extrapolated from the data. The now 50 (10 + 40) 

channel data were interpolated by a factor of 2 to a value of 100 channels 

per shot with offsets ranging from 0 - 200 m from the source. Sea Surface 

related multiples are calculated from the data using an internal algorithm 

(Verschuur et al., 1992). The estimated multiple was top muted at 2 x the 

water bottom pick to avoid contamination of data. A two-step (global with 

larger patch sizes and local with shorter patch sizes) adaptive subtraction 

was done using the renumbered data and the muted predicted multiple. 

7. Deconvolution was done pre-stack. A spiking gap length of 2.9 ms was 

used, and it was determined using the second crossing of the 

autocorrelation on stacked gathers. An operator length of 15 ms, designed 

over 21 traces and prewhitening of 3% was used. The filter was designed in 

a window around the water bottom time (WBT - 50 ms and WBT + 200 

ms) 

8. Normal moveout was calculated using the previously determined RMS 

velocity pick table. A stretch mute was applied at 180% with a taper of 15 
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ms. A bandpass filter (50-100-700-900 Hz) and top mute (WBT) was 

applied. 

9. Trim Statics was done prior to common midpoint stacking. The reference 

trace was determined by stacking gathers - 100/30db - 200/60db limit 

offsets for gather stacking 0-100 m (gives a non-stretched pilot to match to) 

compute correlations in a window FB_TIME - 3 ms to FB_TIME + 6 ms 

(FB_TIME was computed using an autopicker) 

10. Migration was done post-stack. Mutes were applied above the seafloor and 

at depths beyond 1400 ms TWTT below the seafloor. The migration was 

done at 1400 m/s at frequencies less than 750 Hz. 

11. Structurally oriented denoising was done in 3 steps: 

a. Seismic dips were estimated on low passed data (50-100-130-200 

Hz). Dip search increments were 20 CMPs by 30 ms TWTT. The 

dip search radius was calculated over 5 increment binds and a 

semblance window of 50 ms. 

b. A bottom mute was applied to the dip estimate (WBT + 400 ms) to 

eliminate the dip estimation and denoising of low signal to noise 

data beyond 400 ms. 

c. Use SODenoise (Reveal) tool to use the dip table median filter the 

data. 
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12. Export data as segy files.   

49) C-1 Track Line Map - 2021 Sproul Cruise 

 

Fig. C-1. Lines map highlighting the study area and corresponding seismic survey 
similar to Fig. 1-1 in the main text. The solid lines are colored-coded and labeled in 
various pastel colors for clarity. The dashed pink lines represent the Offshore 
Quaternary United States Geology Survey Faults (Walton et al., 2020). The green 
polygons depict the bounds of the three-dimensional (3D) marine active source 
datasets used in Alongi et al. (2022) study of the fault damage zone. The lime green 
line depicts the boundaries of the 1976 Unocal (Chevron) volume and forest green 
depicts the boundaries of the 1984 Shell volume.  
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50) C-2 Frequency Spectral Comparison 

 

Fig. C-2. Frequency spectra comparison of the data used in the present study 
represented by the (brown curve), and Alongi et al., (2022) (green line). The plot 
highlights the significant difference in frequency content between the two datasets. 
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51) C-3 Shelf Scarp Height Measurements 

 

Fig. C-3. Detrended profiles showing fault-related scarps on chirp sub-bottom profiles 
along the San Pedro Shelf. Each colored curve represents a unique profile of the 
mapped seafloor reflection. The curves are detrended by the trend of the seafloor east 
of the fault to highlight the relative scarp height. 
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52) C-4 Histograms of Thinned Fault Likelihood from MCS 

 

Fig. C-4. Histograms of thinned fault likelihood for lines perpendicular to the fault. 
Results are shown for depth ranges from the seafloor to seafloor + 400 ms two-way 
travel time and cover a lateral distance of 6 km from the fault.  Each line is depicted 
individually in color and arranged according to its position along the fault, reds 
indicating northern locations and the blues representing southern positions. The dark 
line depicts the median stack of all the lines shown, and the dashed purple line shows 
the thinned fault likelihood threshold utilized in the study. (Left) The full range of 
thinned fault likelihood and (right) shows a zoomed in view. 
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53) C-5 Azimuth Distribution from Active Fault Strand 

 

Fig. C-5. Histogram of the azimuths calculated for the fault trace that are shown in 
Fig. 3-5. 

54) C-6 Estimating Displacement from Fault Length 

 

Fig. C-6. Displaying the difference in modeled displacement fault length scaling 
relationship (dashed lines) on the overall displacement on the 4 subsections (circles) 
of the southern extent of the study area. The yellow stars show the measured points 
(on the shelf and 27 km away at Lasuen Knoll)  
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55) C-7 Shelf TFL – Subdivided by Depth 

 

Fig. C-7. Displaying the Thresholded thinned fault likelihood plotted versus distance 
east of the fault, presented in different colors to represent different depths. Depth 
ranges are shown in the legend in the upper right of the figure where the numbers 
indicate the depth below the seafloor. The stars denote the location of 5% of the peak 
TFL value. 
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