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ABSTRACT
The relative motion of tectonic plates across their boundaries generates deformation in
the surrounding lithosphere. How this deformation is expressed reflects both present-day
plate configurations and how plate boundaries evolve. To understand the behavior of
plate boundaries, we must study how they have developed. The advances made in
seismology over the past fifty years – both in observation and application - provide tools
ideal for such analysis. Here, I use these tools to investigate the tectonic evolution of
complex plate boundaries. I focus on two areas that have experienced geologically recent
plate tectonic variations – the Mendocino triple junction in northern California, and the
Australia:Pacific plate boundary south of New Zealand. In northern California, the
northward migration of the Mendocino triple junction over the past ~10Ma has driven a
synchronous pattern of thickening and thinning of North American crust. In studying this
deformation I find major thinning is localized to a narrow region of crust in the Redwood
Valley area. This thinning is accompanied by a steeply dipping Moho (>15°), and by high
Poisson’s Ratio’s in the lower crust, characteristic of layers of melt. These melts may link
to shallow (~10km) dike injections that drive a migrating sequence of seismicity in the
shallow crust near Lake Pillsbury. The limited data sets available led me to develop new
tools in receiver function and crustal velocity ratio analyses that significantly improve our
ability to resolve spatial changes in crustal properties. The application of these techniques
forms a second major aspect of this thesis. Finally, I analyze the deformation of
Australian lithosphere adjacent to the plate boundary south of New Zealand. I perform
earthquake relocations on the distribution of intra- and inter-plate seismicity, and
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combined with plate reconstructions since the late Oligocene show that deformation
occurs over a ~150km wide area west of the current plate boundary. This may be related
to resistance to subduction of the Australian Plate at the Puysegur Trench further north.
Persistence of this stress transfer may lead to a southward jump in the subduction zone
and a capturing of this lithospheric block by the Pacific Plate.
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“We learn geology the morning after the earthquake.”
-Ralph Waldo Emerson

“The most important fundamental laws and facts of physical science have all been
discovered, and these are so firmly established that the possibility of their ever
being supplemented in consequence of new discoveries is exceedingly remote.”
-A.A. Michelson, 1907 Nobel Prize in Physics, speaking in 1894

CHAPTER 1
Introduction
Since the advent of the theory of plate tectonics in the 1960’s, the field of seismology has
played a principal role in advancing our understanding of plate structure, motion and
deformation. Seismologists analyze both earthquake locations and the signals we record
from these events to continually refine our knowledge of active tectonic processes
worldwide. As these studies have developed, the importance of transient tectonics has
become clear; often the key to understanding present-day plate boundary structure and
processes is dependent on how that feature has evolved through time. In places, the
present-day configuration of plate tectonics has changed substantially in just the last few
million years, and so if we are aiming to understand how these structures behave today
and will behave in the future, we must understand how they have developed in the past.

Over the same forty to fifty year period, a wealth of seismological tools have been
developed that use the seismic signal recorded at stations close to plate boundaries to
interpret the surrounding crust and lithosphere – what can be called receiver-based
seismology. These techniques include (but are by no means limited to) receiver function
analysis (e.g. Langston, 1979; Owens, 1984; Cassidy, 1997), shear wave splitting (e.g.
Anderson, 1961; Savage, 1999), seismic tomography (e.g. Aki, 1977; Romanowicz,
1991), surface-wave dispersion tomography (e.g. Ritzwoller and Levshin, 1998), and
waveform scattering analysis (e.g. Aki, 1969; Revenaugh, 1999). In addition, a great deal
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of attention has been paid to the processes occurring at the earthquake origin – sourcebased seismology. Methods used to study such processes include focal mechanisms (e.g.
Hermann, 1975; Aki and Richards, 1980), centroid moment tensors (e.g. Dziewonski et
al., 1981), earthquake relocation techniques (e.g. Waldhauser and Ellsworth, 2000),
source-time functions (e.g. Kuchini and Kanamori, 1982; Ammon et al., 1993), finitefault modeling (refs), paleoseismology (e.g. McCalpin, 1998), and more recently velocity
and strain fields derived from GPS instruments and strainmeters deployed across and
around faults (e.g. Dixon, 1991; Segall and Davis, 1997). All of these seismological
methods can be used (and have been used successfully in many areas of the world) to
unravel the complexities of complex and transient tectonic processes on a smaller scale.

Here, I use seismological tools to investigate the tectonic evolution of complex plate
boundaries, and how the interaction of the plates across these boundaries through time
has led to the tectonics manifest today. Such an undertaking requires an integration of
knowledge of both seismology - its methods and their interpretation - and of global
tectonics and its driving processes, so that the image garnered from a present-day
seismological analysis can be interpreted within the framework of an evolving tectonic
model. Interpretations should be consistent with how plates moved in the past, how they
move today and how we think they will move in the future. In this thesis, I specifically
analyze two regimes with rapidly and recently varying plate tectonics - the Pacific: North
America: Juan de Fuca Plate Boundary, which meet at the Mendocino triple junction in
northern California, and the Australia: Pacific Plate Boundary in Southern New Zealand
and the southwest Pacific.
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The Mendocino triple junction (MTJ) in northern California hosts the boundary between
the Pacific, North American, and Juan de Fuca Plates, a transform: trench: transform
intersection that has migrated northward with time since its formation at approximately
30Ma (Atwater, 1970; figure 1.1). Before this time, the western margin of North
America was convergent, where the Farallon Plate subducted beneath North America.
When ridge segments and transforms within the Farallon Plate arrived at a section of that
margin around 30Ma, subduction along that short segment ceased and the Pacific: North
America plate boundary – today principally reflected by the San Andreas Fault – was
born (figure 1.1). Over time, as the triple junction has migrated northward, this transform
system has lengthened, replacing a convergent system with translation. This migration
has been recorded by the crust of northern California through a complex pattern of
thickening and thinning in the wake of the triple junction (e.g. Furlong and Govers,
1999), and also results in a translational plate boundary system through California that
becomes systematically younger to the north (e.g. Dickinson and Snyder, 1979).

In Chapter 21, I use receiver functions to analyze how North American crust has been
modified by the passage of the MTJ through northern California over the past ~8Myr.
Specifically I aim to identify where crustal deformation associated with the triple
junctions’ passage occurs, and what affect this has on crustal properties such as Moho

1

Chapter 2 is published as “Hayes, G.P., and Furlong, K.P., 2007. Abrupt Changes in Crustal Structure
Beneath the Coast Ranges of Northern California – Developing New Techniques in Receiver Function
Analysis, Geophys. J. Int., 170, 313-336”.
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Figure 1.1: The evolution of the western
margin of North America (NAM) and the
formation of the Mendocino Triple
Junction. (a) shows ridges of the Farallon
(FAR) - Pacific (PAC) plate boundary
approaching the convergent margin of
North America prior to triple junction
formation. In (b), the first ridge has been
partially subducted and the Pacific Plate
meets North America for the first time,
which as a consequence of relative plate
motions forms a transform plate boundary
(the San Andreas Fault, SAF). Two triple
junctions form; the Mendocino triple
junction (MTJ) in the north, and the Rivera
triple junction (RTJ) to the south. The
northern part of the Farallon Plate is now
known as the Juan de Fuca Plate (JdF). The
MTJ is a transform-trench-transform triple
junction. Initially the Pioneer Fracture
Zone between the Juan de Fuca and Pacific
Plates forms the third leg of this junction.
Between the two triple junctions a slab
window forms where the subducting slab
of the Juan de Fuca Plate is replaced by
upwelling asthenosphere beneath North
American lithosphere as the slab continues
to obliquely subduct to the north-east. This
slab window becomes the driver for triple
junction-related tectonics. In (c), a second
small ridge segment of the Juan de Fuca
Plate reaches the trench, and the MTJ
jumps north to a new position; the
Mendocino fracture zone now forms the
third leg of the triple junction. At this time,
a small area of partially-subducted oceanic
crust, called the Pioneer Fragment, is
captured by the Pacific Plate and travels
north beneath the western Margin of North
America (Furlong and Schwartz, 2004).
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structure, melt accumulation and strain distribution. Understanding these features
involves the ability to quantify the changes in the internal characteristics of the crust in
addition to changes in crustal thickness. However, the tectonic regime in this region is
complex, and yet the data available to study its affects are limited. These problems
motivated the development of new approaches to receiver function analysis, also
presented in this chapter, used to obtain detailed and unbiased estimates of crustal
thickness, Poisson’s Ratio and Moho structure, allowing us to quantify spatially where
deformation is dominantly occurring. These developments also facilitated the ability to
assess (via changes in Poisson’s Ratio) how the affects of such processes are manifest in
the bulk crust.

To ascertain the mechanism for such changes, we also need to evaluate where in the
crustal column these variations are occurring. For this reason, I introduce and develop
here a simple method to compute the velocity ratio (directly related to Poisson’s Ratio) of
the seismogenic zone using P- and S-wave travel-times from abundant local earthquakes
recorded at the dense network of single-component seismometers in northern California.
These measurements thus enable the resolution of bulk changes in Poisson’s Ratio (from
receiver functions) into upper and lower crustal components. Results of the entire study
identify rapid changes in crustal thickness of northern California accompanied by melt
accumulation in the lower crust localized to a relatively narrow area of the Coast Ranges
near Willets, and consistent with triple junction related crustal modifications of the crust
between the Ma’acama and Bartlett Springs Faults.
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Also accompanying Chapter 2 are three appendices (A-C) providing descriptions of
receiver function methodology (appendix A), detailed modeling to quantitatively test the
accuracy and uncertainties of new methods in receiver function analysis (appendix B) and
numerical modeling of the new velocity ratio computation (appendix C). These provide
background information to methodology and modeling procedures discussed briefly in
the main text of Chapter 2, included here for the more in depth readers.

A key point of Chapter 2 is the importance of integrating multiple types of data sets and
analyses to help unravel the details of complex tectonic problems. In Appendix D, I
describe an extension to Chapter 2 that compares results from the receiver function
analysis to seismic tomography data covering the same region. This comparison is used
to analyze the three-dimensional strain and velocity field of the crust northern California.
The two methods complement each other well in such a comparison: receiver functions
give excellent vertical resolution to velocity contrasts, but are limited to essentially point
measurements at station locations. On the other hand, seismic tomography uses raypaths
from (in this case local) earthquakes recorded at a more dense station network to provide
good horizontal resolution of the crustal velocity structure, while smoothing out the
vertical discontinuities in this velocity field. By combining the two we can correlate
horizons evident in receiver functions across a much broader area using the velocity
contrasts highlighted by the tomography, providing better resolution than either technique
by itself allows. As the variation in thickness of horizons across the Coast Ranges is
related to the passage of the triple junction, these data can subsequently be used to
produce a three-dimensional strain model of the crust that allows us to quantify what
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parts of the crust actively participate in the triple junction-driven modification. Results
identify vertical shear zones that locate in approximately the same areas as the Ma’acama
and Rodger’s Creek Faults, and horizontal shears that may be interpreted as horizontal
detachments decoupling the shallow crust from its deeper counterpart and concentrating
the deformation associated with the triple junctions’ passage to the lower crust.

In Chapter 32 I extend the Local Velocity Ratio Calculation (LVRC) developed as part of
Chapter 2 and apply the method to the whole of California. Because of a generally poor
characterization of the S-wave velocity field in the Earth, velocity ratio is often either
assumed from elastic wave theory or estimated using empirical measurements of rocks in
laboratory studies. Velocity ratio is, however, very useful in many aspects of seismology
and tectonics, such as earthquake location, hazard analysis, subsurface geology
estimation and for influences regarding crustal fluid type and content, and so better
estimates of its values and variations within the crust will provide improved
understanding of the tectonic environment where the measurements are made.

The LVRC method uses P- and S-wave travel times recorded at the dense network at
stations across California from the abundant seismicity in the state to compute the
velocity ratio in the volume of crust surrounding each station. In addition to the velocity
ratio of the bulk upper crust (from the surface to the base of seismicity, approximately
12-15km), I compute Vp/Vs in the shallow crust particularly important to seismic hazard

2
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analysis because of crustal velocity field perturbations in the upper 1km or less. I also test
the approach via a suite of numerical models in which I generate a catalog of synthetic
earthquakes and trace rays from their locations through a system of velocity models to
assess how accurately the velocity ratio can be constrained. The LVRC approach
compares favorably to current detailed 3D velocity models such as that of the Southern
California Data Center, and can be used to generate S-wave velocity models in regions
where this parameter is poorly constrained. The identification of velocity perturbations in
these models and their correlation with features such as sedimentary basins in the Los
Angeles area highlight the use of such an approach for seismic hazard analysis where
knowledge of anomalous shallow velocity structure is needed. The approach also has
applications in wider fields of seismology such as earthquake location and crustal
structure studies, and is made particularly powerful by its ease of computation.

Chapter 43 addresses further the crustal modification related to the migration of the MTJ.
The northward migration of the triple junction through California has been accompanied
by a similar migration of volcanism, whose most recent surface expression occurred over
the last 2 million years at Clear Lake. Since that time, the triple junction has migrated
nearly a further 100km, prompting some authors (e.g. Levander et al., 1998; Furlong and
Schwartz, 2004) to suggest volcanism will develop further north of Clear Lake some time
in the future. There has been little evidence, however, to suggest where and when this

3
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activity will occur. In this chapter, I study a sequence of earthquakes in the mid-crust that
occurred over a 6-month period in the year 2000 on an unmapped structure near Lake
Pillsbury, roughly equidistant from the Ma’acama and Bartlett Springs Faults. The
earthquake locations are coincident with the region identified as containing lower crustal
melts in Levander et al. (1998), and in Chapter 2 (Hayes and Furlong, 2007) of this
thesis, raising the question of whether these events are somehow connected to that crustal
magmatism, and in a broader sense related to the northward migration of Cenozoic
volcanism that follows in the wake of the triple junction. One of the strongest pieces of
evidence for a link between these earthquakes and crustal volcanism is the systematic
migration of earthquake location with time that the sequence demonstrates. Here, I
precisely relocate the earthquake sequence using highly accurate waveform crosscorrelation measurements, and use these locations, their migration and coulomb stress
modeling to demonstrate the viability of the seismicity being a triggered response to
crustal diking to a depth of approximately 10km. These results suggest a link between the
basaltic melts imaged in the lower crust and shallow magmatic activity, and provides the
first evidence for a mechanism of how melts associated with triple junction migration
reach the surface.

Chapters 2-4 relate to the evolution of the plate boundary in northern California,
analyzing how the crust of northern California responds to that evolution and what the
pattern of deformation recorded tells us about plate boundary processes. As one might
expect however, the evolution processes occurring here are not globally unique – the
continual movement of plates through time has modified how those plates interact at their
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edges all over the planet. Indeed, a stable plate boundary (one whose configuration does
not change with time) is likely the exception rather than the rule. Consequently, the crust
surrounding such similarly evolving plate boundaries may record those adaptations, and
we can use seismological tools to help unravel their story. In the final chapter of this
thesis, I turn from the Pacific northwest and northern California to the southwest Pacific
and southern New Zealand to study how the Pacific: Australia plate boundary has
evolved through the Neogene to produce the present-day tectonic environment.

I have chosen New Zealand as the focus for study here as I believe such an analysis
complements well my work in northern California. In the latter location, deformation is
driven by plate boundary evolution causing space to be created (and subsequently filled)
in the mantle beneath North American lithosphere. In New Zealand however, we find
two instances of plates moving into space already occupied by another plate. To the east
of the North Island of New Zealand, the Pacific Plate subducts westwards beneath the
Australian Plate at the Hikurangi Margin. At the southwest end of the South Island, the
Australian Plate subducts beneath the Pacific Plate at the Puysegur Trench in the opposite
direction. In both cases this subduction began in the Early-Mid Miocene (~20Ma). These
subduction zones are joined by a large continental transform (the Alpine Fault) that is in
many respects similar to the San Andreas Fault of California.

This tectonic regime thus gives rise to two plate boundary transitions from subduction to
transform faulting at opposite ends of New Zealand’s South Island (figure 1.2). In the
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north, the southward migration of the subduction-transform transition (e.g. King, 2000)
implies that the subducting Pacific plate is moving into space already occupied by
Australian lithosphere, causing a space and mass balance problem that has significant
implications for the overlying crust. To the south in Fiordland, oblique subduction of the
Australian plate, and thickened crust of the overlying Pacific Plate create a complex
geometry to the subducting plate, while the transition from this convergence to rightlateral translation along the Alpine Fault may create a southward propagating tear in the
Australian plate (e.g. Malservisi et al., 2003). Further south again, plate motion is
accommodated along the Macquarie Ridge transform system.

The southern plate boundary transition is the focus of Chapter 54 (figure 1.2). The region
of transition from subduction beneath Fiordland to transform motion on the Alpine Fault
System has been the site of several large (M7+) earthquakes over the past 20 years. Over
the same time period the Macquarie Ridge transform system has hosted two
M8+ earthquakes, one of which occurred over 150km from the plate boundary in oceanic
lithosphere. These may reflect internal deformation of the Australian Plate in response to
subduction further north, and linked to the tearing caused by the oblique plate motions at
this subduction zone (Malservisi et al., 2003). Here I use the locations and rupture
processes of these and other earthquakes in the region, coupled with an analysis to
estimate the shear strain recorded in relic fracture zones of the Australian and Pacific
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Plate either side of the Macquarie Ridge system, to help constrain the characteristics of
the plate boundary. I use plate reconstructions to complement this analysis and show that,
while changes in plate boundary orientations over time are responsible for some of the
observed variation in fracture zone orientation recorded in the Australian Plate, part of
this complex geometry is the result of internal deformation in the plate, perhaps driven by
processes such as a resistance to subduction of Australia at the Puysegur Trench.

This collection of studies advances our understanding of the development of two complex
plate boundaries on either side of the Pacific Ocean. This work extends prior models and
demonstrates that we must understand not only how plate motions drive the tectonic
interactions at these boundaries today, but also how those interactions have evolved in the
past. Furthermore, in analyzing these problems I have developed methodology in receiver
function analysis and in regional velocity ratio analysis that can be used to improve our
understanding wherever suitable data are available. The receiver function work provides
the ability to analyze the azimuthal variation in crustal structure (and thus horizon
topography) using a sparse data set, providing the ability for accurate and detailed
analyzes even in areas where coverage is less than ideal. The velocity ratio methodology
can be applied in areas of dense station coverage such as North America (as the
EarthScope program matures), Japan, New Zealand or Europe to estimate crustal
properties without the need for more detailed (and local) surveys, thus providing a
benchmark on which we may base future, more detailed analyses.
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In summary, this thesis not only advances our understanding of two current complex
plate boundary problems, but also adds to the seismologists toolbox methods that will
help our analyses of similar problems in the future.
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CHAPTER 2
Abrupt Changes in Crustal Structure Beneath the Coast Ranges of Northern
California – Developing New Techniques in Receiver Function Analysis†

ABSTRACT
New approaches to receiver function analyses at a suite of broadband stations in the
Coast Ranges of northern California identify rapid changes in crustal thickness
accompanied by melt accumulation in the lower crust. These processes are associated
with the northward migration of the Mendocino triple junction through the area over the
past ~8Myr. By simultaneously solving for crustal thickness, Poisson’s Ratio and Moho
strike and dip, we facilitate the application of receiver function analyses in areas of
crustal complexity where data sets are sparse. We also introduce a straightforward
approach to calculating the Vp/Vs velocity ratio of the seismogenic zone, which is used
here to aid in the interpretation of results from the receiver function analysis. Results are
consistent with triple junction related crustal modifications occurring in the plate motion
direction in a narrow swath of crust between the Ma’acama and Bartlett Springs Faults.
Crustal thicknesses decrease from over 35km thick in Round Valley, south of the current
triple junction location, to 20km thick just 100km further south, near Clear Lake. Major
crustal thinning is localized to a narrow area of the crust around Redwood Valley, where

†

The content of this chapter is published as “Hayes, G.P., and Furlong, K.P., 2007. Abrupt Changes in
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the Moho dips approximately 17° to the northeast. This thinning may also be restricted to
the lower crust rather than being evenly distributed throughout the crustal column.
Coincident with these changes, melts are inferred in the lower crust from low velocity
zones and elevated values of Poisson’s Ratio (  0.32) at two seismic stations. These
melts occur in the same area as melt bodies suggested in other seismological studies.
Together these results provide the first detailed description of the crustal modifications and the spatial extent of that deformation - associated with the passage of the Mendocino
triple junction.

2.1 INTRODUCTION
The Mendocino triple junction (MTJ) in northern California is an area of profound
change in lithospheric structure, driven by the interactions of the Pacific, North American
and Juan de Fuca (Gorda) plates. The history of these interactions as the triple junction
has migrated steadily northwards since its formation almost 30 million years ago is
recorded in the crust of California. These processes have driven the uplift of the northern
California Coast Ranges, and the complex patterns of lithospheric deformation, heat flow,
and metamorphism, and control the seismogenesis associated with the birth of the San
Andreas Fault system.

Over the past 25 years the interactions between the triple junction and the crust of
northern California have been studied from both kinematic (e.g. Atwater, 1970;
Dickinson and Snyder, 1979; Atwater and Stock, 1998) and geodynamic (Furlong and
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Govers, 1999) perspectives. The anomalous heat flow pattern of the Coast Ranges has
been the major driver for tectonic evolution models of the lithosphere (Lachenbruch and
Sass, 1980; Zandt and Furlong, 1982; Furlong, 1993; Goes et al., 1997; Guzofski and
Furlong, 2002). These thermal models indicate that the regional heat flow anomaly can
be explained by asthenospheric upwelling into a migrating slab window that forms
beneath North America as the Gorda slab moves northwestward. While the initial slab
window models (e.g. Lachenbruch and Sass, 1980; Zandt and Furlong, 1982) assumed a
crustal thickness of 20-30km, observations from recent seismic studies suggest a more
pronounced crustal thickness variation in the Coast Ranges, with a systematic change
from ~15km near the coast and north of the triple junction to a maximum thickness of
~40km adjacent to the slab edge 200km further southeast, before thinning again to
~20km over the subsequent 150km south of the triple junction (Beaudoin et al. 1996;
Verdonck and Zandt, 1994; Beaudoin et al. 1998; Furlong and Schwartz, 2004). These
studies imply rapid crustal thinning (a factor of 2 decrease in thickness) over a very short
distance (150km laterally), which should be resolvable as variations in structure on the
Moho throughout the Coast Ranges.

The patterns of volcanism in northern California (Johnson and O’Neil, 1984; Dickinson,
1997; Whitlock, 2002) also track with triple junction migration over the past 20Ma, with
the most recent activity at Clear Lake, ~150km south of the triple junction. Levander et
al. (1998) inferred melt in the lower crust near Lake Pillsbury, 40km to the north of Clear
Lake (figure 2.1), and suggested these melt bodies mark the future location of Coast
Range volcanism. Although the past positions of this volcanism are well known, the
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Figure 2.1: Regional map of northern California showing Coast Ranges seismicity. Earthquakes
with magnitude > 2.5 from 1985-2005 are plotted in red, from the catalog of the Northern
California Earthquake Data Center (NCEDC). Mapped surface fault traces from the USGS
database (Quaternary faults and folds database of the United States, U.S. Geological Survey,
Menlo Park) are shown in black. Large red circles show the locations of seismometers used in
receiver function analysis. White arrows and times show the past locations of the Mendocino
triple junction, whose current location is marked with a white circle (MTJ). The dashed white
line at this location marks the approximate southern edge of the present-day subducting Gorda
Slab. Thick dashed black lines (MTS Line 1 and MTJ Line 9) mark the location of the MTJSE
Lines 1&9 (Beaudoin et al., 1998). Thick dash-dot line (BX Line 1) marks the location of
BASIX OBS Line 1 (Holbrook et al., 1996). Inset shows the general plate motions of the region.
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controls on timing and location of volcanism after the passage of the triple junction are
still unresolved. Improved observations of crustal thickness variations over the Coast
Ranges allow the links between the development of volcanic centers and crustal
deformation to be assessed.

With these tectonic issues in mind we analyze the crustal structure of northern California
using receiver functions obtained at 5 broadband seismometers in the Coast Ranges to the
south of the Mendocino triple junction (figure 2.1). Receiver functions identify Moho
depth and other attributes of crustal structure local to the site. Discernable characteristics
such as dip on the Moho, and changes in Poisson’s Ratio may reflect localized
deformation or melt emplacement from slab window mantle upwelling. Although
information on such features can in principle be obtained from receiver functions, it is not
straightforward, and has not been an outcome of typical receiver function studies. Here
we develop new analysis tools that help us to determine parameters such as interface dip
and Poisson’s Ratio in addition to crustal structure through a detailed analysis at all of
our stations across the northern Coast Ranges.

2.2 TECTONIC SETTING OF THE MENDOCINO TRIPLE JUNCTION
The Mendocino triple junction formed approximately 30Ma when the leading edge of the
ridge separating the Pacific and Farallon Plates met the convergent margin along the
coast of western North America. At this time dominantly translational motion between
the Pacific and North American Plates began (Atwater, 1970). The relative plate motions
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resulted in the creation of two triple junctions: the Mendocino (now in Northern
California) and the Rivera (now south of the Gulf of California). Since the time of its
formation in southernmost California, the Mendocino triple junction has migrated
northwards through California. In relation to this study, the triple junction has influenced
northern California structure (~San Francisco Bay northwards) for the past 8-12Ma.
Beginning with Dickinson and Snyder (1979), plate kinematics have been used to
determine the nature of the 3-D plate interactions. This has led to a general consensus that
MTJ migration has resulted in the development of a slab window or slab gap beneath the
Coast Ranges of northern California (Zandt and Furlong, 1982, Atwater and Stock,
1998). While other models have been invoked to explain features associated with the
passage of the triple junction (e.g. ten Brink, et al., 1999), we focus here on the slab
window model, as we believe this model fits the data best whilst still honoring the basic
laws of plate tectonics. The slab window model predicts that, as the triple junction
moves north, the subducting Juan de Fuca Plate (often referred to as the Gorda Plate in its
southern extent) vacates space in the mantle beneath North America, leaving behind a
slab window (also termed the slabless window or slab gap) that is filled with upwelling
mantle asthenosphere, forming the basis of the triple junctions’ influence on North
American crust. The influence of this migrating slab window is now thought to be more
complex than simply the thermal pulse incorporated in initial models (e.g. Lachenbruch
and Sass, 1980; Zandt and Furlong, 1982; Liu and Furlong, 1992); rather current thinking
is that it involves a viscous coupling between the Gorda and North American Plates via
the emplaced mantle in the slab window (Furlong and Govers, 1999). Such a coupling is
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postulated to drive crustal thickening in advance of the triple junction, and subsequent
thinning further south.

The Mendocino crustal conveyor model (MCC; Furlong and Govers, 1999; figure 2.2)
incorporates this broader range of observations with the basic slab window model.
Building on the generally accepted idea that hot asthenospheric material fills the slab
window vacated by the Gorda Plate, the MCC model predicts that the subsequent cooling
of this material couples it to both the exposed face of the subducting slab and the base of
the North American crust, thereby creating a viscous link between the two plates. As the
MTJ moves northward, this coupling in the slab window establishes a conveyor effect
that transports material from the south to the north. Essentially, North American crust is
pulled into itself, and thus we find thick crust in advance of the triple junction, followed
by thinning of that same crust in the triple junction’s wake (Furlong and Govers, 1999).

One motivation for this study is to calibrate the MCC model, and assess whether and/or
how well it describes crustal evolution in response to triple junction migration. The MCC
model predicts the thickest crust near station CVLO (Guzofski and Furlong, 2002;
Furlong and Schwartz, 2004), as this station sits just to the south of the subducting slab
and the apex of crustal thickening (Furlong and Govers, 1999; figure 2.1). Under MCC
processes, this crust will thin to the south towards station FREY, which is expected to lie
above the transitional region where the crust is thinning (Furlong and Schwartz, 2004).
Further south, stations HOPS and CVS are located in a region where MCC crustal
thinning should be completed and recent crustal magmatic underplating may have
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Figure 2.2: The Mendocino triple junction crustal conveyor model (modified from Guzofski, 2000). The
northward migration of the MTJ drives deformation in the North American plate, as upwelling asthenosphere
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occurred (Brocher et al., 1994; Guzofski and Furlong, 2002; Furlong and Schwartz,
2004). We can compare these inferences with the results of our receiver function analysis
to establish the applicability of the MCC model. KCPB is slightly out of the plane of the
MCC processes (further west), and so we may be able to use receiver function results
here to help constrain the lateral extent of MCC crustal deformation, and also to analyze
the eastern extent of the Pacific Plate at depth (Goes et al., 1997; Furlong and Schwartz,
2004; Hayes et al., 2004). Superimposed on this roughly north-south oriented crustal
thinning is a smaller east-west component of thinning related to the spread of stations in
that direction (i.e. all stations, particularly CVLO, are not margin-parallel), and the
observation that the crust thins as the coast of California is approached (Brocher et al.,
1999). This may account for as much as 5km of thinning in this direction (Henstock et
al., 1997; Brocher et al., 1999).

Further evidence of the tectonic effects of the MTJ passage through northern California is
expressed in volcanism. Paleogeographic restoration (Dickinson, 1997) of volcanism that
follows in the wake of the migrating triple junction shows that these volcanic centers are
systematically younger to the north (figure 2.3) and supports a proposed link with the
migrating triple junction (e.g. Liu and Furlong, 1992). The most recent surface expression
of this volcanism occurs at Clear Lake, active between 2-0.1Ma. In the 2 million years
since volcanism initiated here, the MTJ has migrated approximately 80km. Since
volcanism appears to migrate in-sync with the triple junction, we expect a new volcanic
center to develop further to the north. The source of this recent and future surface
volcanism may be in the middle-lower crust today (both in association with Clear Lake
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Figure 2.3 (next page): Present-day positions of volcanic centers in northern California. Modified
from Dickinson (1997). Various reconstructions of the positions of these volcanic centers at the time
of emplacement (Dickinson, 1997; Johnson & O’Neil, 1984) show a general younging to the north
pattern, following in the wake of the MTJ migration. This pattern is evident in the present-day
positions, particularly on the eastern side of the major plate boundary structures: east of the Ma’acama
(Ma), Rodger’s Creek (RC), Hayward (Hay), Calaveras (Cal) and southern San Andreas (sSA) faults.
Tolay (To) and Page Mill (Pm) volcanic centers require more reconstruction due to their position west
of the Hayward fault system, and hence fit with the northward-younging pattern once shifted south to
their reconstructed position. Faults labeled and shown in black are those used for paleogeographic
reconstructions in Dickinson (1997); other regional faults are shown in gray. BS=Bartlett Springs
fault, nSA=northern San Andreas fault, pSA=peninsula San Andreas Fault, SG=San Gregorio fault.
Volcanic centers are: Cl=Clear Lake, So=Sonoma, Bh=Berkeley Hills, Sl=San Luis Reservoir,
Qs=Quien Sabe. Ages of volcanic activity at each location are given in brackets. White arrows and
ages mark the reconstructed position of the Mendocino fracture zone through time. The white dashed
line marks the approximate location of the current southern edge of the subducting Gorda plate. The
white circle labeled MTJ is the approximate current location of the triple junction. Yellow-hatched
area north of Clear Lake marks the approximate location of rapid crustal thinning inferred from
receiver function analyses.
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and/or perhaps beneath the site of the next volcanic center), as a crustal property that can
be imaged with receiver function analysis.

Station
Latitude
Longitude
Start Date
Number of Events
CVLO
39.850
-123.02
May 2000
36
FREY/FRED 39.325/39.345
-123.23
October 1999
32
HOPS
38.993
-123.07
October 1994
71
CVS
38.350
-123.46
May 1998
61
KCPB
39.686
-123.58
September 1999
56
P01C
39.469
-123.34
August 2005
7
Table 2.1: Data set used in this study, listed by station name, location, time of operation
and the number of events used in the receiver function analysis.
To address questions of the effect of the triple junction migration on the crust and the
extent of crustal deformation requires a more detailed analysis of our data set (table 2.1).
Seismic waves approaching a station from different directions sample different parts of
the crust local to that station. These changes will be reflected in the receiver functions;
for example, waves approaching from the northwest to a station beneath which the crust
was dipping from north to south would sample thinner crust than waves approaching
from the southwest. We can therefore take advantage of an azimuthally distributed data
set to describe the changes in crustal structure with direction around each station.
Similarly, changes in Poisson Ratio, , from station to station will be reflected in the
relative delay of converted phases to the primary P phase. For example, a higher
Poisson’s Ratio (and therefore higher velocity ratio) will delay the converted phases more
than expected with reference to a standard model, usually =0.25.
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Receiver functions therefore provide information on a wide variety of crustal properties.
Traditional analysis techniques often ignore these complications by (for example)
stacking receiver functions from all azimuths and inverting for an average structure (e.g.
Zhu and Kanamori, 2000), or are not widely applicable because they require a dense
network of stations and data to solve for finer details (e.g. Zandt et al., 2004; Wilson et
al., 2004). We require alternative approaches that can provide more detail about changes
in structure in areas where data is sparse; in the Coast Ranges, stations are distributed
unevenly, with an average spacing of ~70km (comparable to the station spacing of the
USArray – Transportable Array component of Earthscope). In light of this requirement,
we develop a stacking algorithm (an extension of that described by Zhu and Kanamori,
2000) that solves for crustal thickness (H), Poisson’s Ratio ( ) and Moho dip () beneath
each station. This algorithm takes into account the effects of changes in crustal structure
with azimuth as well as being insensitive to absolute velocity in the crust, thereby
providing greater accuracy in our results. In this way we can build a quantitative analysis
of how the crustal structure changes around each station, and thus describe how the crust
of northern California responds to triple junction migration.

2.3 PREVIOUS STUDIES – THE MENDOCINO TRIPLE JUNCTION SEISMIC EXPERIMENT
(MTJSE) AND THE BAY AREA SEISMIC IMAGING EXPERIMENT (BASIX)
The Mendocino Triple Junction Seismic Experiment (MTJSE, Trehu et al., 1995)
collected a series of seismic reflection and refraction profiles to analyze crustal structure
along the North American margin in northern California and the effects of the passage of
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the triple junction on the crustal and lithospheric structure. On-land seismic reflection and
refraction data collected in 1993 & 1994 were used to determine crustal structure in both
the subduction (north of MTJ) and transform (south of MTJ) regimes (Trehu et al., 1995;
Beaudoin et al., 1996; Levander et al., 1998; Beaudoin et al., 1998). The primary target
was the lower crust and upper mantle in these areas in order to address arguments
concerning the presence (or lack of) a slab-free window associated with the triple
junction’s passage (Dickinson and Snyder, 1979; Zandt and Furlong, 1982; Liu and
Furlong, 1992; Bohannon and Parsons, 1995; Trehu et al., 1995; Guzofski and Furlong,
2002). Beaudoin et al.(1996) and Beaudoin et al.(1998) discussed the main findings of
the seismic reflection profiles, concluding that: (i) results were consistent with thickening
and thinning of the Franciscan terrain (dominant in the upper-middle crust of Northern
California) in response to the passage of the MTJ: (ii) the southern edge of the Gorda slab
and/or the overlying North American crust is being fragmented as a result of changes in
stress caused by the slab edge: (iii) the thickening of North American crust is being
driven by a mafic body accreted to the eastern edge of the Pacific plate, moving
northwards with respect to North America: (iv) high reflectivity south of the triple
junction implies partial melt at the base of the crust, caused by melting of the crust
triggered by upwelling asthenosphere into a slabless window.

Line 9 of the MTJSE (figure 2.1) ran ~8km to the west of seismic station CVLO (i.e.
sampled the same Moho), which lies approximately adjacent to shot point 905. Here, ray
coverage in the reflection experiment extended to a depth of ~35km or more without
imaging an obvious Moho (Beaudoin et al., 1998). FREY is near the intersection of
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reflection lines 1 and 9, just west of shot point 902 of line 9 where high reflectivity at
~18km depth was interpreted as resulting from lower crustal melts, above a reflector at
~25km inferred to be the Moho. Further analysis of this and additional higher resolution
reflection data (Levander et al. 1998; Henstock and Levander, 2000) indicated that these
bright reflections could be lenses of near-pure melt in the lower crust. This appeared to be
most evident near Lake Pillsbury, CA. These melts were inferred to be basaltic sills
generated by the upwelling of asthenosphere into a ‘slab-free’ window (Levander et al.
1998). Such lower crustal melts - or their effect on properties in the surrounding crust may be imaged in a receiver function analysis.

BASIX focused on lithospheric structure in the San Francisco Bay area using wide-angle
reflection and refraction seismic data collected onshore and offshore in September 1991
(Brocher et al., 1994). Results from BASIX describe the crustal structure in a region ~810 Myr after the passage of the triple junction, potentially where all processes of
thickening and thinning have ceased (Furlong and Govers, 1999). OBS Line 1 (Holbrook
et al., 1996) approximately coincides with station CVS used in our study (figure 1),
allowing a comparison between the receiver functions and active source results. Along
OBS Line 1 the Moho was identified at ~25km depth. BASIX also identified a strong
reflector at the base of the Franciscan crust (~15-18km depth) that marks the top of a
higher velocity (mafic) lower crust, and a potential lower crustal detachment surface
(Furlong et al., 1989).
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2.4 RECEIVER FUNCTION ANALYSIS
Receiver function analysis (Langston, 1979) is a straightforward and common method of
studying crustal and upper mantle structure through the use of teleseismic waveforms
recorded at three-component seismic stations. By deconvolving the vertical component
seismogram from the horizontal (radial) component, we can isolate P-to-S conversions
and multiples produced at interfaces in the Earth beneath the receiver. The timing of
converted arrivals in a receiver function place constraints on the depth of the horizon that
produced them, while the amplitude of the arrivals scale with the velocity contrast across
each interface (Langston, 1979). Various methods of receiver function analysis are used
(e.g. Langston, 1979; Owens, 1984; Ammon et al., 1990; Ammon, 1991, Ligorría and
Ammon, 1999). In areas where data are less plentiful and smaller events must be used to
provide a more complete azimuthal coverage (e.g. temporary deployments), signals are
closer to background noise levels and the original water-level frequency-domain
deconvolution approach (Langston, 1979) poorly resolves the structure beneath that
station. Ligorría and Ammon (1999) developed an iterative time-domain approach that is
more successful with noisier data. Because stations used in this study have a limited
amount of data, and because their geographical position (near coastal) makes them more
susceptible to higher noise levels, we use the iterative time-domain approach.

2.4.1 Data Set
Data for this study come from 5 broadband seismometers (HOPS, CVLO, FREY, CVS
and KCPB) in the Coast Ranges of northern California (table 2.1, figure 2.1). HOPS and
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CVS are permanent stations, part of the Berkeley Digital Network (BDN) and in
operation since 1994 and 1998, respectively. CVLO and FREY are temporary
deployments run by PSU and UCSC since mid-2000. The location of FREY was changed
early in 2004, moving 2.2km north to its new position (now called FRED). KCPB is a
permanent USGS station (part of the CREST tsunami warning system) that has been
operating since 1999. Data from the three permanent stations are freely available from the
Northern California Earthquake Data Center (NCEDC, Northern California Seismic
Network, U.S. Geological Survey, Menlo Park). The temporary stations are managed by
PSU and UCSC. In August 2005, a seismometer was installed in Willets (station P01C),
~20km north of FREY, as part of the EARTHSCOPE transportable array.

At each of the stations, we analyze data from large teleseismic earthquakes (M>6.0, from
the distance range of 30-95°). Using the iterative deconvolution approach (Ligorría and
Ammon, 1999), we reject events with less than an 80% match between the modeled and
observed waveforms produced via a comparison of the radial component seismogram
with a convolution of the vertical component seismogram and radial receiver function. As
the stations have been in operation for at least 4 years (with the exception of P01C), each
analysis is performed with a moderate-large sized data set; 36 events at CVLO, 32 events
at FREY, 71 events at HOPS, 61 events at CVS and 64 events at KCPB (table A3, figure
2.4). These events cover a distance range of ~29°-92° for FREY, HOPS, CVS and KCPB,
and ~29°-89° for CVLO. 7 events produced interpretable receiver functions at P01C, over
a distance range of ~63°-90°. At all stations, the back azimuths of raypaths to the events
were clustered in the northwest though southwest, and in the southeast. Large azimuthal
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Figure 2.4: (a) Azimuthal distribution of earthquakes (black circles) used for receiver function analysis at
Coast Ranges seismometers (black star). In total, 79 earthquakes produced receiver functions. Note the
large data gaps (dark grey shading) to the NE and S of our study area. As the regions these data gaps span
(American Northeast, mid-Atlantic Ridge, East Pacific Rise) do not typically rupture in sufficiently large
earthquakes (M>6.5), reducing them is unlikely with normal P-wave receiver functions. (b) Data for a
typical event used for receiver function analysis as recorded at HOPS. ~2500s of data cut around the Pwave is shown. Components are labeled on the right hand side; Z=vertical, R=radial and T=Transverse.
Transverse component is shown at an amplitude reduction of 50% with respect to the vertical component
due to the large amplitude surface waves. The window used for receiver function analysis is shaded gray.
Data in this window are magnified in circular insets for each component, labeled with a magnification
factor relative to the enlarged vertical component.
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gaps exist between ~140°-220°, and ~320°-90°; the northern gap extends to ~120° at
FREY.

Forward modeling results (figure 2.5) highlight the first order changes in crustal
thickness across the Coast Ranges, from thick (~35km) at CVLO to thinner at FREY
(~25km) and HOPS (~20km). These results are broadly consistent with the MTJSE,
which inferred a Moho below ~35km near CVLO and at a depth of ~25km near FREY.
Reflection profiles in MTJSE did not run as far south as HOPS, although they do show
further thinning to the south of the FREY region towards Clear Lake (Beaudoin et al.,
1998).

We should expect these reasonably rapid changes in crustal thickness to cause
complications in the receiver functions (such as back azimuthal variations caused by a
dipping Moho) that are not accounted for in the forward modeling approach unless
receiver functions are binned over narrow azimuthal ranges, thus minimizing the
effectiveness of a distributed data set. Forward modeling results also identify low
velocity zones in the lower crust in the vicinity of FREY and HOPS that could be
associated with areas of melt inferred from previous studies (Levander et al. 1998). Such
features should be manifest in the crust through changes in Poisson’s Ratio that are not
obtained from the forward modeling approach.

As an example of the drawbacks of forward modeling, figure 2.6 shows a comparison of
the stacked receiver function at FREY with individual receiver functions that make up
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Figure 2.5: Receiver functions and best fitting forward models for each of the five stations involved in
this study. (a) KCPB, (b) CVLO, (c) FREY, (d) HOPS and (e) CVS. Model receiver functions are shown
by dashed lines, stacked data by solid lines. Two data stacks are shown; one for a low frequency filter
(solid black), and another for a high frequency filter (solid grey). Dashed grey line in CVS receiver
function corresponds to the velocity model inferred from the BASIX experiment, OBS Line 1 (Holbrook
et al. 1996). Numbers annotated on receiver functions label key P to S conversions in each model.
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that stack, highlighting the information that may be lost in this type of analysis approach.
Note in particular that whilst for the majority of events the Moho Ps and PpPs
conversions are quite consistent, the negative amplitude conversion at ~6s does not
appear for three events (108.02, 167.02 and 174.01) on this figure. These three events all
approach FREY from the southeast, indicating some significant change in structure
between that direction and the rest of the receiver functions. It is also evident from small
changes in the timing of arrivals (particularly evident for event 108.02) that a stack will
blur or even cancel important information relating to changes in horizon depths. These
are not the consequence simply of the move out associated with variations in ray
parameter and thus reflect variation in structure or properties with azimuth.
Complications in the data such as those highlighted here motivate the requirement to
incorporate the effects of changing structure with back azimuth, which can be caused by
features such as dipping horizons or anisotropy, into our analysis.

2.4.2 The Transverse Receiver Function, Dipping Layers and Anisotropy
In theory, assuming a homogenous Earth with planar layers in the crust beneath our
stations, no energy should be recorded on the transverse component receiver function
(Langston, 1977, 1979; Owens and Crossen, 1988). We can therefore use these as a
measure of how much energy arrives out of the plane of the receiver function (i.e. off
azimuth), while timing and amplitudes of these conversions can, as with their radial
cousins, help describe the structure that produced them. In this case, we can study the
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Figure 2.6: Receiver functions from 4 individual events recorded at station FREY that form part of the
stacked receiver function modeled in figure 2.5, shown by the dashed line. Each event is labeled by date
(Julian day and year). Events are sorted by back azimuth, listed on the right hand side. Ray parameter p is
also listed, where p = (sin i)/Vp, a function of the incidence angle i and p-wave velocity Vp. Vertical lines
show the arrival times of key conversions in the stacked receiver function. Note how they do not
necessarily align with the same arrivals in the individual events.
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transverse receiver functions from stations in the Coast Ranges for evidence of dip on the
Moho where we see significant crustal thinning.

2.4.2.1 Dipping Layers?
Cassidy (1992) conducted a thorough analysis of the effects of dipping layers on receiver
functions using RAY3D, a 3D ray-tracing code from Owens (1984), and based on
Langston (1977). He noted that dipping layers produce a response in both the radial and
transverse receiver functions that varies with back azimuth (figure 2.7).

In the radial component, for a homogenous Earth with a dipping layer over half-space,
amplitude of the Ps conversion is a maximum for back azimuths aligned in the up-dip
direction, and minimum for those arriving down-dip. This effect is most pronounced for
structures dipping greater than 30° (Cassidy, 1992). The arrival times of the Ps
conversion also varies; Cassidy noted a range of ~1s for receiver functions where =45°
(distance to earthquake or data source, which controls ray parameter) and depth of the
dipping interface is 60km. Both of these observations become less evident as  increases
(the useful range of  for receiver functions is 30°-95°), and as the depth of the interface
decreases. As we deal with predominantly distant earthquakes and thinner crust in the
Coast Ranges, over a narrower back azimuthal range due to the nature of the data set,
these features may be difficult to resolve.
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In the transverse receiver function, Cassidy observed that amplitudes of both the direct P
and Ps phases are zero for arrivals in the up-dip and down-dip directions, and maximum
for arrivals arriving perpendicular to this in the direction of strike. Furthermore,
amplitudes will reverse with a period of 360°. In other words, arrivals along strike with
dip down to the right will show negative P-phase and positive Ps phase amplitudes,
whilst arrivals for energy arriving along strike with dip down to the left will show
positive P-phase and negative Ps phase amplitudes (figure 2.7). Between these maxima,
amplitudes decrease towards their null values in the dip direction. Arrivals from deeper
horizontal interfaces are not affected by the dipping structure above, and therefore energy
corresponding to this boundary does not appear on the transverse receiver function.

The response of the P-to-S conversion multiples (PpPs, PpSs, PsPs) to dipping structure
is more complicated than those of the direct Ps conversion, and depends heavily on dip,
interface depth, ray parameter and back azimuth. Furthermore, P-wave multiples (e.g.
PpPp) are found in the radial receiver function resulting from dipping structure because
these phases no longer arrive at the surface at the same angle of incidence as the P-wave,
and are therefore not fully removed in the deconvolution. This phase will arrive between
the Ps and PpPs conversions. The arrival time of all of these multiple phases varies
significantly with back azimuth, arriving earliest for energy from the up-dip direction,
latest down-dip. Amplitude variations are more pronounced than for the Ps conversion,
and may even reverse at dips greater than ~12-14° for the converted phases, earlier for
the P multiple (figure 2.7). In the transverse receiver function, multiples behave much
like the direct and Ps phases, but again with more pronounced arrival time variations.
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Note that because of these complications in real data the majority of studies analyzing the
effect of dip on receiver functions are confined to the first few seconds of the receiver
function, where complications due to these uncertainties are minimized.

2.4.2.2 Anisotropy?
Anisotropy is known to have a similar effect to that of dipping layers, producing a
response on the transverse receiver function. A number of studies have attempted to
characterize these effects (McNamara, 1990; McNamara and Owens, 1993; Savage,
1998). In particular, Savage (1998) compared the response of transversely anisotropic
layers to that of dipping boundaries. Her results suggest that the only anisotropic model
which could match our receiver function dataset is one in which a surface anisotropic
layer with a dipping axis of symmetry overlies an isotropic halfspace. In this case,
however, we would expect significantly more variation in the Ps amplitude on the radial
receiver function than we see here. We would also expect the anisotropy to continue
south to CVS, as this crust has undergone the processes influencing FREY and HOPS
today. However, similar polarity reversals are not evident at CVS, nor can they be seen at
CVLO or KCPB to the north. Furthermore, such a model is inconsistent with results from
shear wave splitting analyses at HOPS (Hartog and Schwartz, 2000, 2001).

Based on the evidence we have discussed, the 360° periodicity in these data are better
attributed to the effect of dipping layers. Southwest receiver functions demonstrate nearzero amplitudes at both FREY and HOPS, with no clear tendency for positive or
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negative, suggesting the direction of maximum dip is close to the northeast-southwest as
we expect zero amplitude in the dip direction. Assuming the maximum amplitudes occur
at the center of our southeast and northwest data bins gives a plane striking 130°-310°,
dipping towards 030° (see Cassidy (1992) for notes on dip direction determination). This
implies the dip direction falls in the large data gaps between 140°-220° and 320°-090°
and as such can only be inferred with these data.

2.4.2.3 Move-out and Poisson’s Ratio?
Regardless of variations in receiver functions caused by complex structure beneath the
seismometer, we can expect some variation in P-S conversion arrival times for two
further reasons: (i) Move-out, and (ii) Poisson’s Ratio.

Move-out describes the changes in P-S conversion arrival times caused by variations in
the ray parameter of the approaching seismic waves of different events. The ray
parameter of each event is related to the angle of incidence at which those seismic waves
approach the station, a function of the distance between the event and the seismometer.
As distance decreases from ~90° to ~30°, ray parameter increases and so does the time
delay between the primary P arrival and subsequent P-S conversions. When dealing with
a data set of earthquakes distributed over a range of distances, we can therefore expect
small variations in conversion arrival times, even in simple, flat-lying media. These
variations can be easily dealt with by accounting for the ray parameter of each event.
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The Poisson’s Ratio ( ) of a rock body is related to the velocity ratio of P-waves to Swaves through that body, and hence variations in

effect the time delay of P-S

conversions in the receiver function. The effects of Poisson’s Ratio on receiver functions
are shown in figure 2.7b. In comparison to a reference model with =0.25, elevated
will cause a delay in the arrival times of converted phases, whilst a reduced

will cause

converted phases to arrive early. Figure 2.7b shows that a crust 25km thick with =0.30
causes the latest arriving P-S conversions (PpSs + PsPs) to by delayed by >1.5s. It is
therefore very important to consider the effects of Poisson’s Ratio, and any variations in
this parameter in our receiver function analysis.

2.4.3 Identifying the Need for Crustal Thickness:Poisson’s Ratio (H: )Analysis Stacking Algorithm
Our forward modeling results (figure 2.5) highlight internal inconsistencies with
‘standard’ receiver function analysis. Despite the fact that models match the data very
well, we see large changes in crustal thickness (~15-20km change in thickness) over short
distances (CVLO-FREY~60km, FREY-HOPS~40km), and yet the forward modeling
approach assumes flat-lying, planar interfaces in the crust. How then does the Moho
change in depth between these stations? These effects are emphasized further if we
consider that, with a Moho at ~25km, receiver function multiples are sampling the Moho
up to ~30km away from the station, and so sampling radii for these stations may overlap
in some cases. Furthermore, we see low-velocity zones in the forward modeling results
that we interpret as correlating with lower crustal melts imaged elsewhere in this part of
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the Coast Ranges (Levander et al., 1998), and yet our modeling approach assumes a
‘normal’ Poisson’s Ratio of 0.25. Were melt present, we expect Poisson’s Ratio to be
elevated (e.g Christiansen, 1996; Owens and Zandt, 1997), and while this modeling
approach allows us to set a higher value, we cannot directly solve for it. These
inconsistencies motivate our more detailed analysis, where we require an approach that
will take into account the effects of 3D crust and variable Poisson’s Ratio.

Analyzing the variations in receiver functions with back azimuth (figure 2.8) show that
interpreting multiple receiver functions for a single crustal structure is difficult, as energy
from each direction is affected in different ways by complications in Earth’s structure
beneath the station. Conversely, stacking to produce an average receiver function risks
ignoring the effects of moveout due to variations in ray parameter, as well as the effects
of changing structure with back azimuth. Ideally we would like a method to solve for
crustal thickness using information from the main P-S conversions from the Moho (Ps,
PpPs, PsPs+PpSs; figures 2.7) that is insensitive to ray parameter and back azimuth,
allowing us to use all of our data. We have developed such a method using a stacking
algorithm built on the approach of Zhu and Kanamori (2000; see Appendix A). This
method uses travel time equations for each Moho conversion to sum receiver function
amplitudes over a range of crustal thicknesses (H) and velocity ratios (; or in our
approach Poisson’s Ratio, ), producing amplitude maps that identify the best fitting
combination of H and (or ). The approach of Zhu and Kanamori (2000) solved for an
average, horizontal Moho depth in Southern California, ignoring the effects of ray
parameter variation and back azimuth to produce a general model. We have extended this
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approach to explore changes caused by structural variations around the station in more
detail, by iteratively solving for individual receiver functions and stacking the resulting
amplitude maps. We compute time delays caused by Moho dip by ray tracing through a
three-dimensional dipping structure using the approach of Langston (1977). We weight
each phase using the phase weighted stack approach (Schimmel and Paulssen, 1997), first
adopted for receiver function analysis by Crotwell and Owens (2005). To find the bestfitting model for each station we iterate over H and , and also dip, , where there is
evidence for such structure in the transverse component. Transverse receiver functions
constrain Moho strike, which remains constant at 310°. In this way we use our whole data
set to compute a more accurate model of crustal structure at each station.
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Figure 2.9 (next page): Amplitude maps (H::) from receiver functions summing over Ps, PpPs,
and PsPs+PpSs converted phases at each station. Plots for both thickness vs. Poisson’s Ratio, and
thickness vs. dip, are shown. Amplitude maxima (red colors) show the locations of significant crustal
boundaries that produce a response in the receiver functions; thickness and Poisson’s Ratio values
for each maximum are given above the amplitude map for each station. Contours delineate 95%,
90%, 80%, 70%, and 60% of maximum amplitude locations. White stars mark the Moho location
interpretation for each station. CVLO solutions are shown pre- and post-weighting, illustrating the
effect of the phase-weighted stack used in this study (Crotwell and Owens, 2005). All subsequent
stations are shown post-weighting. FREY amplitude map is computed using a Moho striking 310o
and dipping 17o. Insets to thickness vs. dip plots show the variation of maximum amplitude with dip
as a percentage of the best-fitting solution (highest amplitude over H: : volume).
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2.5 EVIDENCE FOR RAPID THINNING AND CRUSTAL MELT?
The amplitude maps resulting from the H: : stack over all data for each station are
shown in figure 2.9. These indicate clear maxima at FREY and HOPS, with Moho depths
of 22.2km and 18.6km respectively. FREY receiver functions are best matched with a
Moho dip of 17°, while HOPS is best matched with a horizontal Moho. Figure 2.10
shows the match between the predicted model and receiver function data at FREY,
illustrating how the moveout of later converted multiples are matched well by the H: :
stack. Poisson’s Ratio at these stations are high: =0.32 at FREY and  =0.33 at HOPS.
These results are significant because they identify changes in structure in the crust of
northern California that until now were not resolvable with typical receiver function
analyses. Secondly, these results identify rapid thinning of the crust, indicated by a
steeply dipping Moho in the vicinity of FREY that is not apparent just 40km further south
at HOPS, where the Moho is horizontal. This thinning may be accompanied by the
generation of melt in the crust, leading to the elevation of Poisson’s Ratio values at these
two stations (e.g. Owens and Zandt, 1997).

At CVLO, we see multiple maxima in the H: : stack amplitude map, an interesting
feature that is prevalent in many areas worldwide with the more straightforward H:
stack method (Crotwell and Owens, 2005). At CVLO, three maxima are evident: at
25.2km, 28.6km and 34.8km, with corresponding Poisson’s Ratio’s of 0.32, 0.29 and
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0.23. The coincidence of arrival times of the two deeper horizons with features in the
receiver functions is shown in figure 2.10.

In instances such as this, two fundamental questions arise; first, what causes the multiple
maxima? Evidence from other studies at or near CVLO (e.g Guzofski and Furlong,
20002; Beaudoin, et al., 1998) indicates a crust of 35km thick or greater here, as does a
model involving rapid thinning to the south at FREY. If the maximum at ~35km is the
Moho, what features in the receiver functions stack to produce the two shallow, high
maxima? This question is addressed with synthetic data in Appendix B. Results suggest
that shallow, secondary amplitude maxima (the term ‘secondary’ is used here in relation
to amplitude maxima that do not represent the Moho) arise from two sources: some
shallower interfaces in the crust will stack near their actual position, with some depth
error due to the use of an unrepresentative velocity model for that horizon (figure A2):
others are caused by the summation of primary conversions from an interface shallower
than the Moho with multiple conversions from the Moho itself (figure A2). This
mismatch creates an artificially elevated Poisson’s Ratio, mimicking the increase in delay
between conversions and the primary P-arrival with time, seen in figure 2.7. Tests with
synthetic models (figure A2) show that an offset in impedance contrasts at the base of the
crust of 5-10km reproduces this effect well. One important geologic analogy of such a
model is an underplate at the base of the crust, which would create two horizons with
significant impedance contrasts across them separated by a few kilometers or more at or
near the Moho, which could generate the multiple maximum effect discussed here. We
also note that, in theory, the relative magnitude of such amplitude maxima is dictated
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primarily by the impedance contrast across each horizon. In reality, however, this effect
will be complicated by heterogeneity in the crust and structural effects with back azimuth
such as interface dip. We highlight this point to illustrate that the amplitude maxima will
not always correspond to the Moho location.

The second fundamental question raised by instances of multiple maxima is how to
determine the correct solution when there is no additional constraint from other studies.
To address this problem, we attempt to constrain the solution further by analyzing the
velocity ratio (and hence Poisson’s Ratio) of the upper crust in northern California.

2.5.1 Northern California Velocity Ratio
Our approach to solving for crustal thickness and Poisson’s Ratio at each station in the
Coast Ranges concentrates on bulk-crustal makeup rather than analyzing internal layering
such as that evident in forward modeling. Whilst this approach is ideal for studying the
features of the Moho over a broad area, it also leaves some ambiguity as to what part of
the crust create features identified in our results. For example, our stacking algorithm
may indicate a high Poisson’s Ratio, but does not tell us whether that value is a result of
the shallow or deep crust.

As the seismogenic zone is constrained to the shallow, brittlely deforming part of the
crust, we can use earthquake travel-times to the dense population of broadband and short
period stations across northern California to estimate the apparent velocity ratio (and
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hence Poisson’s Ratio) of the shallow crust. Past studies (e.g. Majer and McEvilly, 1979;
Gupta et al., 1982; Nicholson and Simpson, 1985) used Wadati diagrams (Wadati, 1933)
to address the same issues on a more local scale. Those studies suffered from less
accurate, and far less accessible data sets, and as a consequence tended to calculate an
average velocity ratio for a volume of crust based on single event, multiple station plots
of P vs. S-P travel-times, thereby avoiding error in poor origin time estimates. Majer and
McEvilly (1979) and Gupta et al. (1982) analyzed single-station Wadati diagrams with
small data sets to calculate Poisson’s Ratios in the Clear Lake geothermal area, hence
their studies provide a useful comparison for this work.

Here, we extract P- and S-wave travel-times for all recorded earthquakes between 1990
and the present at all stations from the earthquake catalog, freely available from the
NCEDC. For each station, we plot pairs of travel-times for each event, tp vs ts. As these
events span the seismogenic zone beneath the station, the slope of the best-fitting line
through the data represents the apparent velocity ratio for that portion of the crust, based
on the assumptions that (i) the P- and S-waves have similar ray-paths from the event to
the station, and (ii) picked arrivals are direct P- and S-waves. Each event will therefore
represent an average velocity ratio of the crust sampled along its raypath. To restrict our
analysis to the shallow crust near each station, we omit data whose S-wave travel-time is
greater than 10s. This eliminates earthquakes more than ~25-30km from each station. To
avoid biasing results by one or more outliers in the data set, we restrict our analysis to
stations that report at least 15 P- and S-wave pairs, again where ts < 10s. Most stations,
however, have a much greater number of observations, over 1000 travel-time pairs in
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some cases. Velocity ratios are calculated using a least squares approach, minimizing the
square of the misfit between the best-fitting solution and the data. We constrain this least
squares solution to pass through the origin (i.e. tp=0 when ts=0), as a non-zero y-intercept
value does not have a physical meaning. Numerical modeling to assess the differences
between constrained and unconstrained least squares fits has been carried out and is
discussed in appendix C. This modeling shows that constraining the least squares fit to
have a zero-intercept is more representative of the average upper crustal velocity ratio as
it accounts for the high velocity ratios of the near-surface (e.g. Brocher, 2005).
Unconstrained fits are more representative of the seismogenic crust beneath these surface
layers. Statistical comparisons of unconstrained and constrained datasets show that this
requirement does not significantly affect the data fit, reducing the mean correlation from
0.97 to 0.96, and increasing the mean RMS from 0.15 to 0.19. Results are visually
compared to plots of the data set (e.g. figure 2.11) for quality control; stations with a
poor match between the solution and data are removed. We then interpolate this data to a
regular grid using the GMT nearneighbor algorithm and a search radius of 40km around
each grid node.

We call this method the Local Velocity Ratio Calculation (LVRC), and present the
resulting velocity ratio map for northern California in figure 2.12. If we consider these
upper crustal velocity ratios to be representative of the whole seismogenic zone, then we
can use this map to resolve the average Poisson’s Ratio (i.e. a bulk-crust estimate) from
the receiver function stacking algorithm into upper crustal and lower crustal components
at each of our seismic stations. In this way, we can reduce the ambiguity over which of
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Figure 2.11: Examples of individual station plots of earthquake travel-times, tp vs. ts, used to calculate the
velocity ratio at that station. Observed travel times shown by gray diamonds. Two stations are plotted:
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the multiple maxima in the stacking algorithm amplitude maps most likely represents the
Moho at that station. Using CVLO as an example, we can outline the logic used. At this
station, the H: : stack returned three maxima, each of which could represent the
thickness/Poisson’s Ratio conditions for the crust at CVLO: T=25.2km, T=28.6km and
T=34.8km, with corresponding Poisson’s Ratios of  =0.32,  =0.29 and  ~0.23 (figure
2.9). In the same location, LVRC implies a velocity ratio for the upper crust of 1.81
(figure 2.12), corresponding to a Poisson’s Ratio of  =0.28. Analysis of local seismicity
shows that >90% of earthquakes are shallower than 12.5km, which we assume is
representative of the seismogenic zone. Using the whole-crust velocity ratio average from
the H: : stack, and the velocity ratio for the 12.5km of upper crust from LVRC we can
calculate the lower crustal velocity ratio by averaging the inferred slowness over the two
layers. Were the first of the three maxima in the amplitude map the Moho, this
calculation shows the lower crust would have a Poisson’s Ratio of  =0.35. Such a value
is very rare in crustal rocks, and very difficult to come by except in the presence of melt
and serpentinite (Christiansen, 1996), neither of which are expected at CVLO (Beaudoin
et al., 1998; Brocher, 2005). Similarly, using the second maximum implies  =0.30 for
the lower crust, whilst the third maximum implies  =0.21. Using this approach we can
calculate inferred lower crustal Poisson’s Ratios at our other seismic stations (table 2.2).
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Bulk Crust
Station

H(km)

Relative
Amplitude
100%

Upper Crust

Lower Crust

Seismogenic
Zone (km)
12.5

CVLO
25.2
0.32
0.28
0.35
CVLO
secondary
28.6
0.29
84%
12.5
0.28
0.30
maximum
CVLO
34.8
0.23
74%
12.5
0.28
0.21
tertiary
maximum
FREY
22.2
0.32
100%
8.5
0.30
0.33
FREY
27.4
0.28
72%
8.5
0.30
0.27
secondary
maximum
HOPS
18.6
0.33
7.5
0.29
0.35
CVS
19.4
0.32
100%
11.0
0.27
0.37
CVS
22.6
0.28
92%
11.0
0.27
0.29
secondary
maximum
KCPB
19.2
0.33
10.0
0.32
0.34
P01C
26.6
0.28
8.5
0.30
0.27
Table 2.2: Implications for the Poisson’s Ratio of the lower crust based on interpretations
of the upper crustal velocity ratio from earthquake data analysis and results from the
H: : stack at each station. Where multiple maxima are revealed by the H: : stack, each
is listed with relative amplitude compared to the maximum amplitude at that station. The
maximum inferred to correspond to the Moho are shown in bold.

2.5.2 Moho Depths and crustal Poisson Ratio’s across the Coast Ranges
Analysis of LVRC results at CVLO indicate that, were either of the primary or secondary
maxima in the H: : stack at this station the Moho, apparent lower crustal Poisson’s
Ratio would be high, particularly for the shallower peak (T~25km implies  =0.35 in the
lower crust). Beaudoin et al. (1998) and Guzofski and Furlong (2002) suggest that the
crust near CVLO is at least 35km thick, as discussed in section 3. As previously

59
mentioned, reflection lines from the former study do not image any melt in this part of
the crust, as they do further south near Lake Pillsbury. Metamorphic variations based on
the heat flow studies of Guzofski and Furlong (2002) suggests the presence of prehnitepumpellyite to greenschist and epidote-amphibolite grades at these depths, lithologies
with

 0.27 (Christiansen, 1996). These lines of evidence provide no obvious reasons

to expect elevated Poisson’s Ratio values at CVLO. Results are most compatible with the
tertiary maximum in the H:: stack (figure 2.9 and red diamonds in figure 2.10),
implying a Moho at ~35km depth with a bulk crustal Poisson’s Ratio of  =0.23.

At FREY, the H: : stack indicate a Moho at a depth of 22.2km, dipping 17° to the NE,
with an elevated Poisson’s Ratio of  =0.32. Earthquake data indicate that the lower
crustal Poisson’s Ratio is elevated further, to  =0.33. These results are compatible with
the interpretations of Levander et al. (1998) for melt in the lower crust in this area, as we
expect melt zones to increase Poisson’s Ratio (Christiansen, 1996; Owens and Zandt,
1997), particularly in the lower crust where they are located. These features were also
seen in forward modeling of the receiver functions (figure 2.5) as a low velocity zone in
the mid-lower crust at FREY and HOPS. Whilst a secondary maximum exists in the
H: : stack with an amplitude of ~70% of the maximum, the depth and particularly
Poisson’s Ratio (both bulk-crustal and lower crustal) for this feature are not compatible
with results from other studies. The dip on the Moho at FREY is consistent with the
hypothesis of rapid thinning in this location and with observations of a northeasterly
dipping Moho from seismic reflection lines (Henstock et al., 1997), and suggests that this
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localized deformation is coincident with and related to melt generated in association with
the passage of the triple junction.

At HOPS, 40km to the south, the Moho is clearly identified with a single maximum in the
H: : stack at 18.6km, with a horizontal Moho and a bulk Poisson’s Ratio of  ~0.33.
Velocity ratio analysis implies a lower crustal Poisson’s Ratio of  ~0.35, similar to that
at FREY, suggesting that lower crustal melts are continuous over at least the area
sampled by these two stations. Elevated values of Poisson’s Ratio in this area may also be
an influence of the stations close proximity to the Clear Lake volcanics, ~10-20km to the
east. Unlike at FREY, the horizontal Moho indicated by the H: : stack implies rapid
crustal thinning is complete here, confining this deformation to a narrow area around
FREY. This is again consistent with past results (Guzofski and Furlong, 2002; Furlong
and Schwartz, 2004) which suggested the deformation process associated with the
migrating triple junction is likely complete at the location of HOPS. This interpretation is
supported by the dipping Moho seen at P01C ~20km north of FREY, although the limited
data set at this station allow nothing more than a confirmation of compatible results. The
Poisson’s Ratio at P01C from the H: : stack of ~0.28 suggests that the melt layer
imaged beneath FREY and HOPS does not extend as far north as P01C. However, this
may be an artifact of limited sampling at this station, as we expect Ps conversions in
receiver functions at FREY and P01C to sample much of the same area of the Moho due
to the stations’ close proximity (figure 2.13). Until more data is recorded here, our ability
to use receiver functions at P01C to define the northern extent of the area of rapid
thinning and crustal melt generation is limited.
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At CVS, the H: : stack also identified two potential Moho positions, at 19.4km or
22.6km. The velocity ratio results imply that a Moho at the shallower of these locations
would result in a very high lower crustal Poisson’s Ratio of  ~0.37, whilst the deeper
location suggests a lower crustal Poisson’s Ratio of  ~0.29, closer to more typical values
for crustal rocks (Zandt and Ammon, 1995; Christiansen, 1996). The deeper location is
also compatible with results from BASIX (section 3); OBS line 1 located the Moho at
~24km depth near CVS (Holbrook et al., 1996). This suggests that the Moho at CVS is
located at a depth of 22.6km with a bulk crustal Poisson’s Ratio of  =0.28. The shallower
horizon here is possibly an interface between Franciscan, North American crust and
material added as underplating since the passage of the triple junction, an interpretation
consistent with those of Holbrook et al. (1996).

2.6 IMPLICATIONS FOR THE CRUSTAL STRUCTURE OF THE NORTHERN CALIFORNIA
COAST RANGES
The results of this study in light of the crustal structure of northern California are
summarized in figure 2.14. The main features are a crust that thins from 35km in the
north at CVLO to ~19km at HOPS. This crust thickens again moving south to CVS, just
north of San Francisco Bay, probably a result of magmatic underplating beneath North
American crust. Rapid thinning is implied between CVLO and HOPS, where the crust
thins >15km over a distance of just 100km. Taking into account a small east-west
component of thinning (Brocher et al., 1999), to a maximum of ~5km (Henstock et al.,
1997) leaves a north-south thinning of >10km, interpreted here as resulting from triple
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junction migration and slab-window related processes. Rapid thinning is accompanied by
a dip on the Moho beneath FREY of ~17oNE. This transition is also reflected in surface
elevations, where we see a rapid decrease in topography moving south from Willits
(Little Lake Valley) to Ukiah (Ukiah Valley); FREY sits at the north end of Redwood
Valley on the flanks of Laughlin Range that separates these two valleys, whilst HOPS sits
near the southern end of Ukiah Valley. This transition in elevations is likely an isostatic
response to the crustal thinning occurring at depth.

Coincident to these changes in crustal thickness, we see a significant change in Poisson’s
Ratio across the Coast Ranges, with slightly lower than normal crustal values in the north
at CVLO (0.23) and high values at FREY and HOPS:
Christiansen (1996) showed that such high values of

= 0.32 and 0.33 respectively.
are rare in unmelted crustal rocks,

while values below 0.30 are quite common; the global average is approximately 0.27
(Zandt and Ammon, 1995; Christiansen, 1996). Owens and Zandt (1997) used this rarity
of observed high Poisson’s Ratio to support their interpretation for crustal melting in the
northern Tibetan plateau, where they see values of

 0.33, similar to those found in this

study. We suggest that these elevated Poisson’s Ratio values in the receiver functions at
FREY and HOPS are related to each other and associated with melt in the lower crust that
has segregated from mantle rising into the slab window beneath the thinning North
American crust. Other data sets also support an interpretation of crustal melt in the
FREY/HOPS area; low velocity zones in the receiver function forward modeling at
FREY and HOPS, bright spots seen on reflection surveys in the MTJSE to the eastnortheast of FREY (Levander et al., 1998), and evidence for a possible dike injection
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event in the region east of FREY (Hayes et al., 2006). Furthermore, HOPS lies just 20km
to the west of Clear Lake, where recent volcanism (~2.0-0.01Ma; Dickinson, 1997;
Whitlock, 2002) implies we might expect crustal melt to cause elevated Poisson’s Ratio
in this area.

Whilst our data set does not allow us to distinguish the lateral extent of these melt bodies
beyond the sampling radius of the crustal multiples (~25-30km at HOPS and FREY,
figure 13), these two stations are only ~40km apart and so we can be reasonably
confident that the melt is continuous over this area. A more detailed description of the
melt body geometry will require more complete back azimuthal coverage at FREY,
particularly from the southeast in the area between these two stations. At HOPS, receiver
functions show a more even sampling, and arrivals are consistent throughout the range of
back azimuth, implying similar crustal features in all directions. Elevated Poisson’s
Ratios here must therefore extend northwest towards FREY, a fact also evident by the
similarity between FREY receiver functions at southeast azimuths and HOPS receiver
functions from the northwest.

The volume of melt in the crust is directly related to the volume of upwelling
asthenosphere and resulting melt in the slab window, which in turn is dependent on the
width of the window and the thickness of the crust above it. The amount of melt that can
be produced is also related to the migration rate of the triple junction, as the cooling of
material in the slab window trades off with the emplacement of new hot asthenosphere.
Liu and Furlong (1992) showed that a slab window 40-50km wide with a conductive lid
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(crustal thickness above the slab window) of 30km could produce a ~4-5km thick layer of
basaltic melt beneath the crust. They also show that the emplacement of just 2km of this
basaltic melt in to the crust can produce significant amounts of partial melting in the
lower ~10km of the crust, or below the location of the intrusion. This is consistent with
what we see at FREY and HOPS, though the melt bodies here are shallower (~15km
depth), possibly due to the thinner crust (conductive lid) at these stations. The bright
reflectors discussed in Levander et al. (1998) and Henstock and Levander (2000) are
potentially remnants of high concentrations of melt within these thicker partial melt
bodies.

The distribution of stations used in this study also makes it difficult to constrain the
across-strike extent of MCC-driven crustal thinning. Hayes et al. (2006) postulate that the
viscous coupling between the North American and Gorda plates proposed in the MCC
model (Furlong and Govers, 1999) is restricted to the crust between the Ma’acama and
Bartlett Springs faults. In this model, these faults serve as the eastern and western
boundaries of a crustal block separating material involved in the thickening and thinning
associated with the triple junction migration from surrounding crust (Hayes et al., 2006).
Whilst our results are consistent with such a model, further constraint is needed from
stations outside of this crustal block to confirm this hypothesis.

Results from receiver function forward modeling (figure 2.5) also show a significant
horizon in receiver functions at each station at 12-15km depth (black dashed line in
figure 2.14). At CVLO (12km), FREY (12km) and HOPS (15km) this horizon shows the
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same characteristics; a transition from upper crust to a low velocity zone, and is
interpreted here as the same horizon. At CVS the interface at 16km depth also seems to
be a transition from a coherent mid-crustal block to the lower crust, and was interpreted
by the BASIX working group (Holbrook et al., 1996) in the same way. This interface
likely marks the transition from Franciscan terrain to the lower crust at all stations. Most
interestingly, this horizon does not show a significant amount of depth change across the
Coast Ranges, which may suggest that the deformation and subsequent thinning
associated with the triple junctions passage is localized in the lower crust. Though this
must be investigated further to better constrain the depth of this interface across the
whole of the Coast Ranges, these results have significant implications for strain
localization in the crust of northern California, and precisely which parts of the crust take
part in the response to triple junction processes.

2.7 CONCLUSIONS
The passage of the Mendocino triple junction along the margin of North America has a
significant influence on the evolution of the lower crust of northern California. Detailed
receiver function analysis at several broadband seismometers throughout the Coast
Ranges has identified:

i) A transition from 35km thick crust in the northern Coast Ranges near Round
Valley to thin (<20km) crust near Clear Lake, implying rapid crustal thinning of
>10km in the Willits-Redwood Valley-Ukiah Valley area.
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ii) Three-dimensional structure on the Moho beneath FREY, dipping 17°NE. Dip on
the Moho at this station, and not at CVLO to the north or HOPS to the south,
constrains the rapid thinning to a narrow swath around Redwood Valley at a
latitude of ~39.3°.
iii) High Poisson’s Ratios at FREY and HOPS (particularly in the lower crust, where
~0.35) coincident with this deformation. These elevated Poisson’s Ratios, and
low velocity zones inferred from forward modeling, suggest layers of partial melt
in the lower crust beneath these stations. These melts have also been imaged by
the MTJSE reflection surveys near Lake Pillsbury (Levander et al., 1998).
iv) Potential strain localization in the lower crust, suggested by a lack of change of
thickness of the upper, Franciscan crust across the Coast Ranges. This implies that
the thinning associated with the passage of the triple junction is constrained to the
lower crust.

While the crustal structure associated with the passage of the triple junction has been
analyzed in the past this is the first study that provides details of the spatial (very local)
extent of this deformation and its effect on crustal thickness, melt generation and strain
localization in the crust.

Traditional receiver function analysis techniques for small data sets, while useful for
quick characterizations of an area, do not allow detailed interpretations of crustal
structure; they solve for an average best-fitting model for all directions around the station,
do not consider three-dimensional structure on interfaces beneath the station, and are
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sensitive to trade-off between parameters they attempt to solve for such as velocity and
thickness. Here we have developed a method that incorporates all of these issues. By ray
tracing through a specified model and stacking over all combinations of crustal thickness,
Poisson’s Ratio and Moho dip for all receiver functions individually, we can produce a
model of the crust that is more appropriate for regional interpretations. This builds on
previous work done by authors such as Zhu and Kanamori (2000) and Crotwell and
Owens (2005), whose methods are best used for a broad characterization of large areas.
The automated receiver function analysis of Crotwell and Owens (2005) is particularly
useful for this purpose, and acts as a much better starting point for more detailed analyses
such as those carried out here, than was previously available.

Our studies have also shown that any type of receiver function analysis such as this
cannot be done in a vacuum; other data is needed to aid interpretations of results. Even
when using a detailed analysis tool such as is developed here, results can be ambiguous –
multiple maxima in the H: : stack, uncertainty in Moho dip, or unrealistic values for
Poisson’s Ratio, are all issues that can arise that cannot always be addressed with receiver
functions alone. We have shown that these issues can be resolved by using alternative
tools; such as our straightforward analysis of the upper crustal velocity ratio in northern
California; and previous results, namely refraction and reflection work of the MTJSE.
This highlights the requirement for multi-disciplinary approaches to solve complex
tectonic problems in the future.
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CHAPTER 3
Local Velocity Ratio Calculation for California – A Simple Approach for Estimating
Regional Vp/Vs†

ABSTRACT
We develop, test and implement an approach for calculating the regional average velocity
ratio (Vp/Vs) of the upper crust throughout California using linear least squares fits to Pand S-wave travel times listed in standard earthquake databases. This Local Velocity
Ratio Calculation (LVRC) technique also provides estimates of the velocity ratio in the
shallowest crust by taking advantage of differences in shallow Vp/Vs as compared to bulk
upper crustal values. We test our approach using simulated event locations in a suite of
1000 synthetic models built to approximate the upper crust of California, and show that
the velocity ratio of the bulk upper crust, the seismogenic crust, and the shallow crust can
all be accurately constrained. The LVRC model compares favorably with the 3D velocity
model of the Southern California Earthquake Center, and can be used to generate average
S-wave velocity models from more commonly available P-wave tomography models.
The LVRC model for California also identifies several areas of anomalous velocity ratio
properties. Some of these areas are expected, such as the high ratios found in the
sedimentary basins of the Los Angeles area. Other areas are harder to explain, such as

†

The content of this chapter will be submitted as “Hayes, G.P., and Furlong, K.P., 2007. Local Velocity
Ratio Calculation for California - A Simple Approach for Estimating Regional Vp/Vs.”
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very high velocity ratios in the crust surrounding Lake Berryessa in northern California,
and require further focused study.

3.1 INTRODUCTION
For several decades, seismologists have used a variety of different methods to determine
the P-wave velocity structure of the Earth, and in particular, the Earth’s crust. Modeling
of the S-wave velocity field has been (and remains) more difficult, and as a result S-wave
velocity structure is quite often inferred from P-wave models using empirical
measurements of the velocity ratio in rock samples (e.g. Mavko et al., 1998; Christensen,
1996; Brocher, 2005). These velocity models are subsequently used in many different
types of analyses, such as earthquake locations, the inference of subsurface geology, the
calculation of strong ground motions and regional hazards (e.g. Magistrale et al., 2000;
Jachens et al., 2006). In all cases, better estimates of S-wave velocity models will lead to
more accurate determinations of the key parameters.

Here, we develop a straightforward technique for computing the apparent velocity ratio
(Vp/Vs) of the upper crust throughout California based on P- and S-wave travel-times for
local earthquakes observed on the dense network of broadband and short-period stations
across the state (figure 3.1). As the seismogenic zone is constrained to the brittlely
deforming part of the crust, we can use these earthquake travel-times to estimate the
apparent velocity ratio of the upper crust – typically the upper 10-15km. Using this
approach, we produce a regional map of Vp/Vs for all California, where station coverage
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Figure 3.1: Basemap of the study area, California. Areas not included in the study (Nevada and
Mexico) are shaded darker gray. Seismometer locations of the Northern and Southern California
Seismic Networks (NCSN and SCSN, respectively) used in this study are shown as white circles
with black outlines. Mapped surface fault traces from the USGS database (Quaternary faults and
folds database of the United States, U.S. Geological Survey, Menlo Park) are shown in black.
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is sufficiently dense and rates of seismicity high enough to allow our analysis. We are
also able to isolate the velocity ratio in the very shallow (generally aseismic) crustal
section. These results show regions of significant perturbations from ‘normal’ crustal
values, and thus identify targets for more detailed analyses.

3.2 PREVIOUS STUDIES

3.2.1 Past Velocity Ratio Analyses
Past velocity ratio studies using P- and S-wave travel time data (e.g. Rynn and Scholtz,
1978; Majer and McEvilly, 1979; Gupta et al.,1982; Nicholson and Simpson, 1985) used
Wadati diagrams (Wadati, 1933) to analyze Vp/Vs on a local-to-regional scale, and
generally involved sparser station coverage and larger uncertainties in earthquake
locations. The general approach in these studies was to calculate an average velocity ratio
for a volume of crust using a single event, recorded at multiple stations, analyzing plots
of P vs. S-P travel-times. This approach therefore produced an apparent velocity ratio
representative of the whole crust sampled by the waves from the earthquake – a regional
estimate. Rynn and Scholtz (1978) distinguished this from ‘real’ velocity ratio by naming
these estimates ts/tp. An estimate of the true velocity ratio must involve sampling a
limited amount of crust, either near-source or near-receiver, thereby eliminating errors
caused by structure outside the area of interest. Majer and McEvilly (1979) and Gupta et
al. (1982) analyzed single-station Wadati diagrams to calculate Poisson’s Ratios at the
Geysers geothermal field in northern California. However, restricted by a small data set

79
(in general, each station recorded less than 10 P- and S-wave pairs) and limited station
coverage (Gupta et al. (1982) used approximately 15 stations), their work was not
expanded to a more regional scale. Nevertheless, their work sets the foundation for this
study and provides a useful comparison for our work.

More recently, Lin and Shearer (2007) have developed an approach to calculate the
velocity ratio of the crust immediately surrounding the source volume of an earthquake
cluster using high accuracy differential travel times from waveform cross-correlation
measurements of similar earthquakes. This method has the potential to resolve smallscale variations of velocity ratio in the rocks immediately surrounding faults where
earthquake density is high, and can thus serve as a useful technique for analyzing
properties of the fault zone. Conversely, our approach samples the crust surrounding the
receiver, and though the area sampled is much coarser than in the Lin and Shearer (2007)
method, we produce an estimate of the average velocity ratio for the whole upper crust
rather than local to the active fault zones.

3.2.2 S-wave Velocity Calculations
Several authors have also attempted to directly calculate Vp/Vs or Vs using empirical data
(e.g. Brocher, 2005) or earthquake travel time data in a regional tomographic inversion
(e.g. Hauksson, 2000). Hauksson (2000) calculated Vp/Vs directly from S-P travel times
in a three-dimensional tomographic inversion of southern California, a model
subsequently used as the background structure in the Southern California Earthquake
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Center (SCEC) 3D-velocity model (Magistrale et al., 2000; hereafter referred to as
SCEC-3D). Because of the similar nature of derivation of the regional Vp/Vs estimates in
this model and our methods, we can use SCEC-3D as a direct comparison for our results.

Brocher (2005) derived empirical relationships for Vp and Vs in a broad distribution of
common lithologies by compiling data from a wide variety of sources, including borehole
logs, vertical seismic profiles, lab measurements and tomography models. These
relationships provide useful average fits between Vp and Vs (thus Vp/Vs), but are
dependent on knowledge of the geologic structure of an area, and hence cannot be used in
areas where we do not know the three-dimensional geology a priori. This approach forms
the basis for the USGS three-dimensional velocity model of the Bay Area (hereafter
referred to as NCal-3D; Jachens et al., 2006). Comparisons between this model and ours
can thus give insight into the utility of such a geology-based model.

3.3 THEORY AND METHODOLOGY
With the advances made in seismology over the past 20 years that have brought us digital
seismograms, broader bandwidth, much improved signal-to-noise ratios, and denser
populations of stations; not to mention a much bigger data set as a result of 20 years
worth of earthquakes recorded to a lower magnitude threshold; it has become easier to
undertake this more regional study of velocity ratio. Rather than using single-event,
multiple station Wadati diagrams, we analyze single-station plots of tp vs. ts for
earthquakes local to each station, thereby sampling the crust immediately beneath and
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surrounding the receiver, and producing a better constrained estimate of velocity ratio
proximate to the station. The spatial density of seismometers in California allows us to
combine these station specific results into a regional model of velocity ratio.

3.3.1 Methodology
We extract P- and S-wave travel-times for all recorded earthquakes between 1990 and the
present at all stations in California (figure 3.1) from the earthquake catalog, available
from the Northern and Southern California Earthquake Data Centers (NCEDC and
SCEDC). For each station, we plot pairs of travel-times for each event, tp vs ts. As these
events span the seismogenic zone beneath the station, the slope of the best-fitting line
through the data represents the apparent velocity ratio for the sampled crust, based on the
assumptions that (i) the P- and S-waves have similar ray-paths from the event to the
station, (ii) picked arrivals are direct P- and S-waves, and (iii) earthquake locations are
reasonably accurate. The latter effect is assessed in more detail in section 3.3.3. To
restrict our analysis to the crust near each station, we limit our data to have S-wave
travel-times of less than 10s. This eliminates earthquakes more than ~25-30km from each
station. To avoid biasing results by one or more outliers in the data set, we restrict our
analysis to stations that report at least 15 P- and S-wave pairs, again where ts < 10s. Most
stations, however, have a much greater number of observations, over 1000 travel-time
pairs in some cases. Examples of data coverage are shown in figure 3.2. Lines linking the
earthquakes and station give an indication of the density of coverage around each
seismometer and show the approximate area of the crust we sample with this approach.
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Figure 3.2: Earthquake data sampling around 4 stations used in the local velocity ratio calculation. Crosssections through each station (inverted triangle in the center of each cross-section) are parallel to the plate
motion direction (~337°), projecting earthquakes (white diamonds) within 5km of the line. The
approximate sampling area around each station, given by ts < 10s, is shown with a curved dashed line.
This sphere is limited vertically by the depth of the seismogenic zone below each station (horizontal
dashed line), resulting in a sampling area given by the shaded gray region. Lines linking earthquakes and
station represent approximate ray paths (in a 1-layer model) and give an indication of the density of
sampling at each location. Gray diamonds are earthquakes that fall outside the sampling sphere and hence
are not included in the velocity ratio calculation.
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Note that in practice we sample a 3-D volume of crust around each station, and these
slices are merely representations of that volume viewed in two dimensions.

In our analysis, velocity ratios are calculated from the observed travel-time data using a
least squares approach, minimizing the square of the misfit between the best-fitting
solution and the ts:tp travel-time data. To determine an estimate of the average velocity
ratio of the whole upper crust (surface to base of seismicity), we constrain this least
squares solution to pass through the origin (i.e. tp=0 when ts=0). In a layered crust, an
unconstrained least squares fit would represent the velocity ratio of the layer(s) in which
the earthquakes originate rather than all the layers their raypaths sample, as described
below in more detail.

This transition from travel time data (figure 3.2) to velocity ratio at each station (figure
3.4) is described in figure 3.3. In the first case (figure 3.3b), when the velocity ratio
throughout the sampled crust is approximately constant, travel-time data fall on a
straight-line whose gradient equals the velocity ratio, and whose y-intercept is zero. In
more typical cases, the crust is layered and the travel-time data for each event is most
representative of the layer in which the earthquake originated (figure 3.3c), creating a
“refraction-arrival” appearance to the travel-time plots. In these cases, to accurately
represent the velocity ratio of all layers in the crust (including shallow aseismic layers) a
constrained least squares fit is required; unconstrained fits are more representative of the
deeper seismogenic crust. Statistical comparisons of unconstrained and constrained

84

A
TS ^ S

$EPTH KM

30
0

20

$ISTANCE KM
10

10

20

30

5
10
^ 3EISMOGENIC :ONE ,IMIT
15
@3INGLE ,AYER #ASE

10

@-ULTI ,AYER #ASE

B

C

Swave traveltime (s)

9
8
7
6
5
4
3
2
1
0

0

1

2
3
4
Pwave traveltime (s)

5

6 0

1

2
3
4
Pwave traveltime (s)

5

6

Figure 3.3: Description of the calculation of velocity ratio from earthquake distributions and traveltimes. (a) shows an earthquake distribution (white diamonds) around a synthetic station (inverted
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to the data constrained to pass through the origin represents the average velocity ratio, as explained in
section 3.2.

85
GHV Vp/Vs Estimation

Vp
/V
s=
2.
1

10
9

.6

=1

s
/V

Vp

Swave traveltime

8
7
6
5
4
3

6P6S  
0OISSONS 2ATIO  
2-3  
#ORRELATION  

2
1
0
0

1

2

3

Pwave traveltime

4

5

6

CIGAV Vp/Vs Estimation

2.

1

10

s=

9

.6

/V

=1

Vp

s
/V

Vp

Swave traveltime

8
7
6
5
4
3

6P6S  
0OISSONS 2ATIO  
2-3  
#ORRELATION  

2
1
0
0

1

2

3

4

Pwave traveltime

5

6
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datasets show that this requirement does not significantly affect the data fit, reducing the
mean correlation from 0.97 to 0.96, and increasing the mean RMS from 0.15 to 0.19.
Unconstrained fits to the data are used to isolate the shallow velocity ratio however, as
discussed in section 3.3.2.

For completeness, we have also calculated the velocity ratio at each station using the
Wadati diagram (Wadati, 1933) approach, comparing P-wave travel-time data to S-P
times rather than directly to S-wave times. At over 90% of stations, velocity ratios from
the S-P data are within 0.02 units of those computed with just S-wave travel-time data,
indicating near-identical results from the two approaches.

Stations with a poor least squares fit are excluded from the dataset. After repeating this
approach at all stations across California, we interpolate data onto a regular grid using the
GMT nearneighbor algorithm and a search radius of 40km around each grid node. We
call this method the Local Velocity Ratio Calculation (LVRC), with the resulting Vp/Vs
map of the upper crust of California shown in figure 3.5.

3.3.2 Least Squares Fits
In order to test our procedure of using the constrained least squares fit (y-intercept = 0) to
the tp:ts data and determine its impact on our results we have conducted a suite of
numerical experiments. Initial results from this approach were described in Hayes and
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Furlong (2007) and show that a constrained least squares fit (y-intercept = 0) produces a
velocity ratio most representative of the average value for the bulk upper crust, while the
unconstrained approach gives a velocity ratio more representative of the lower portion of
the upper crust where the majority of earthquakes occur (the seismogenic zone), as
summarized in figure 3.6. This is because the seismogenic zone does not extend to the
surface for many fault segments in California (e.g. Marone and Scholz, 1988), and so the
oftentimes-high velocity ratio shallow crust is not generally populated with a significant
number of earthquakes. Raypaths from deeper earthquakes spend most of their traveltime in layers with lower velocity ratios, and all spend a comparable amount of time in
shallow high velocity ratio layers; hence the slope of the ratio of their travel-times to the
station at the surface more closely represent the velocity ratio of deeper layers. If the
shallow layer were populated with earthquakes (as in figure 3.6b), then the travel-times
of those events would be representative of the shallow, high velocity ratio layer. This
would produce a tp vs. ts plot with two travel-time branches, one direct branch from
earthquakes in the shallow layer and a second branch from deeper events. In cases like
that shown in figure 3.6b, we could use this distribution to solve for the velocity ratio of
each layer. However, because there are generally few or no earthquakes in the shallow
layer, an unconstrained least-squares fit would only be sampling data originating from
earthquakes in the deeper layer and hence represents the velocity ratio of that layer. By
constraining the y-intercept to be zero we are able to at least partly include the effects of
the shallow high velocity ratio layer and thus better represent the average seismic
velocity characteristics of the entire upper crust.
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Figure 3.6: Numerical modeling of local velocity ratio calculations, from Hayes and Furlong (2007).
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Since the unconstrained velocity ratio (uLVRC) does describe the velocity ratio in the
seismogenic layer beneath the shallow crust, it can be used in conjunction with the
constrained velocity ratio (cLVRC) to extract information from the under-sampled
shallow crust. Characterization of the velocity ratio of the shallow crust is particularly
important for seismic hazard analyses and peak ground acceleration modeling, and is
something that has been difficult to quantitatively assess on a detailed, regional basis.

Following the arguments discussed above, if we assume that the shallow crust is not (or is
sparsely) seismogenic then as the y-intercept of the unconstrained least squares fit
increases, and the difference between the slope of the two fits (i.e. the difference in
velocity ratios) increases, so does the velocity ratio of the shallowest crust diverge from
that of the crust below it. Figure 3.7 shows the difference in observed velocity ratio
between the cLVRC and uLVRC approaches, highlighting those areas where the shallow
velocity ratio is different from that of the deeper seismogenic crust. Figure 3.8 shows
examples of tp vs. ts plots. It is clear that some locations have very different cLVRC and
uLVRC values; while at other sites they are virtually identical. In all cases, whether for
cLVRC or uLVRC, least squares fits remain highly correlated with the data. Analysis of
figure 3.7 shows that many of the areas with high Vp/Vs values are correlated with areas
where we might expect the velocity ratio of the shallow crust to diverge from that of the
deeper basement, and thus give rise to differences in cLVRC and uLVRC fits, such as the
locations of sedimentary basins, recent volcanism and geothermal fields. While this
approach of comparing cLVRC and uLVRC provides a qualitative result, the correlation
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does not quantify the velocity ratio of the shallow crust, or how much it differs from that
of the local bulk upper crust.

3.3.3 Numerical Modeling
We have developed a methodology to quantify the relationships and correlations among
shallow, deep and bulk velocity ratios, and cLVRC and uLVRC fits to data. To do this,
we generate a synthetic travel-time data set representative of a suite of earthquakes in the
crust beneath a seismometer, by tracing direct raypaths through a 60x12km onedimensional, multi-layer homogenous velocity model, representing the approximate area
sampled around each station in California in our actual data set. We trace raypaths back
from the receiver (located in the center of the model at the surface) through the model
over a broad range of P- and S-wave slowness (hence incidence angles). In this manner
we can populate the model with synthetic raypaths, sample the data onto an even grid and
compute travel-times from any location back to the station. This method allows us to
continually resample the model with a new distribution of ‘earthquakes’ without having
to recompute raypaths and travel-times from each event to the station.

The velocity structure of the upper crust across California is obviously variable, and
therefore we generated data through a suite of different models. We constructed 1000
models containing between 2 and 5 layers whose thicknesses and velocity ratios vary
over specific pre-established ranges. Each layer contains a shallow crust between 0.1 and
3km thick with a relatively high velocity ratio, between 1.8 and 2.5. This represents the
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high velocity ratio surficial layers often found in California (e.g. Brocher, 2005). The
velocity ratio of the second layer in each model varies from 1.75 to 1.9; subsequent layers
(if they exist) have velocity ratios ranging from 1.7 to 1.75. The number of layers in each
model is generated from a normal distribution of random integers between 2 and 5, while
the thickness, P-wave velocity and velocity ratio of each layer is generated from a
uniform distribution of random numbers over the ranges specified for each layer. The
total thickness of all models is 12km, representative of the approximate seismogenic zone
depth throughout California. As many well-developed faults do not produce earthquakes
in the shallow crust (e.g. Marone and Scholz, 1988), in this suite of models we do not
populate the upper 2km with seismicity. See the inset of figure 3.6 for a sketch of one
realization of the model, and Table 1 for a summary of model parameters.

Layer #

Hmin (km)

Hmax (km)

Layer 1

0.1

3

Vpmin

Vpmax

(km/s)

(km/s)

2.0

Vp/Vs min

Vp/Vs max

3.0

1.8

3.0

Layer 2

Number of layers varies

3.5

5.0

1.8

1.9

Layer 3

from 2-5, selected from a

5.0

6.0

1.7

1.8

Layer 4

normal distribution of

6.0

6.5

1.7

1.8

6.5

7.5

1.7

1.8

Layer 5

random numbers. Total
model thickness = 12km.

Table 3.1: Numerical modeling parameters

This approach leads to a set of models (one example is shown in figure 3.9) whose grid
of nodes effectively represents apparent velocity ratios (ts/tp) for each potential
‘earthquake’ at that node. If we sample such a model with a random distribution of events
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Figure 3.9 (next page): Results from one model run of synthetic model suite (1000 in
total). This model shows P- (a) and S- (b) wave travel-times and apparent velocity ratio (c)
data over the 3-layer model space, interpolated onto a grid and contoured. Contour intervals
are 2s, 5s, and 0.2 units respectively. The synthetic station is located at the origin of each
plot. Panels to the side of each figure show line plots of Vp, Vs, and Vp/Vs, vs. depth,
respectively. (d) Shows ts vs. tp travel-time data (red diamonds) representative of this model,
via sampling of the model space with a randomly distributed earthquake dataset, shown in
(c). This plot is overlain with contours for velocity ratios ranging from 1.6 < Vp/Vs < 2.1
(km/s) in 0.1km/s intervals (light black), and the actual model averaged velocity ratio (bold
black) of Vp/Vs=2.03. The velocity ratios predicted via constrained and unconstrained least
squares approaches are shown, accompanied by corresponding Poisson’s Ratio and a
statistical measure of misfit.
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representing the seismogenic layer beneath the station, we can produce a tp vs. ts data set
(comparable to our observed results) and estimate the velocity ratios for this model
(figure 3.9d). As with the observed earthquake data, the velocity ratio of each model is
calculated via two least squares fits: the first constraining the y-intercept to be zero, and
the second leaving this intercept unconstrained. The actual velocity ratio of each model is
calculated via averaging P- and S-wave slowness over the model space.

To test the effect of uncertainties in earthquake origin time (i.e. location) on the LVRC
model results, we compute a second suite of models and introduce a uniform distribution
of random perturbations in the range of ±0.1s to both P- and S-wave travel-times.
Comparisons of predicted (cLVRC) and true velocity ratios for this set of models
occupies exactly the same model space as that of the errorless model suite, implying our
results are insensitive to small errors in earthquake location.

Observations from California (figures 3.7 and 3.8) showed a qualitative relationship
between the difference in velocity ratios from cLVRC and uLVRC least squares fits and
higher shallow velocity ratios compared to that of the seismogenic crust. Figure 3.10
illustrates this effect for the case of one result from the synthetic modeling. The
relationship is tempered by a trade-off with the thickness of the shallow layer – raypaths
do not spend enough time in very thin high velocity ratio bodies to cause a significant
difference in earthquake travel-times and thus alter the constrained least squares fit
(figure 3.10). Such a trade-off is difficult to account for without external information on
the thickness of shallow high velocity ratio bodies. However, the shallow limit to
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seismicity helps us deal with this effect. If we assume that the shallow crust is delineated
by everything above the seismogenic zone (limited at 2km in our modeling), and the
uLVRC is an accurate representation of the seismogenic crust beneath the shallow layer,
then we can estimate the average shallow velocity ratio by extrapolating a line from the
uLVRC least squares fit at a travel time representative of the shallow limit to seismicity
(by estimating shallow P-wave velocity), to the zero y-intercept (i.e. an approximation to
the direct branch of observations, as discussed in section 3.3.2). This approach is
illustrated in figure 3.11, accompanied by the resulting fit between actual and computed
average shallow velocity ratios from the 1000 synthetic models. In this way, we can use
the Local Velocity Ratio Calculation to determine not only bulk upper crustal properties,
but also to place quantitative constraints on the velocity ratio of the shallow crust. The
resulting velocity ratio map of the shallow crust across California is shown in figure
3.12.

3.4 VELOCITY RATIO OF THE SEISMOGENIC CRUST
The LVRC with a constrained least squares fit to the earthquake travel-time data at each
station produces a Vp/Vs map of the upper crust (upper ~12km) across California, shown
in figure 3.5. Average velocity ratios vary from ~1.55 north of the Big Bend area of the
San Andreas Fault in southern California to ~2.00 north of Lake Berryessa in northern
California. Across California, Vp/Vs highs are located in a variety of different areas: in
southern California, local maxima occur in the Ventura Basin – San Fernando Valley –
Los Angeles Basin area, suggesting correlation with basin structure there. In central
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California, Vp/Vs highs are located in the Diablo Ranges east of the San Andreas Fault,
indicating that strong gradients in Vp/Vs across the fault may be linked with the
juxtaposition of different geological units. In northern California, we see a broad swath of
high Vp/Vs across the Coast Ranges that may be associated in part with the ophiolites
west of the northern Great Valley, and/or may reflect internal structure to the Franciscan
Complex. Low Vp/Vs correlates with the Long Valley region of eastern California and the
southern Salton Trough near the Mexican border, possibly associated with the geothermal
systems in those locations, and the Tehachapi Mountains of the Sierra Nevada, near the
Big Bend. The rest of this section investigates these relationships further, analyzing the
correlations between velocity ratio and geology in several locations.

3.4.1 Southern California and the SCEC 3D Velocity Model
The current version (Version 4) of the Southern California Earthquake Center (SCEC)
three dimensional velocity model (hereafter referred to as SCEC3D; Magistrale et al.,
2000; Kohler et al., 2003) was constructed via a compilation of a variety of detailed
basins studies embedded in a three dimensional tomography model. Within the basins
(Los Angeles basin, Ventura basin, San Gabriel Valley, San Fernando Valley, Chino
basin, San Bernardino Valley, and the Salton Trough), Vp velocity profiles are derived
largely from empirical relations based on geology, calibrated with borehole sonic logs
where available, and constrained in the upper ~300m by geotechnical borehole seismic
velocity data (Magistrale et al., 2000). Vs estimates are derived from Vp via empirical
relations between Vp  density and density  Poisson’s Ratio (except in geotechnical
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boreholes, where Vs is measured directly). Outside of and below the basins, the
tomography model of Hauksson (2000) is used, and Vs is derived from Vp via Vp/Vs
estimated from S-P travel times (Hauksson, 2000).

We use SCEC3D as a calibration for our LVRC model of the bulk seismogenic crust,
computed with the cLVRC least squares fit. To compute the average velocity ratio in the
upper crust of SCEC3D, we average slowness with depth over the upper 12km (chosen
for compatibility with our regional analysis) at each grid node in the model for Vp and Vs.
The resulting SCEC3D upper crustal velocity ratio is plotted in figure 3.13, compared to
the LVRC model over the same region of southern California. The maps show that there
is a very good visual correlation between the two models, both with highest velocity
ratios in the LA basin area, and closer to typical crustal values outside of that region. The
exception to this good fit is in the southern Salton Trough area, where our model shows
low velocity ratios (Vp/Vs ~ 1.55-1.60) while SCEC3D shows elevated values (Vp/Vs ~
1.80-1.85). The residual, given by [LVRC – SCEC3D], is shown in figure 3.13c. This
demonstrates the similarity of the two models; residuals fall close to zero for most of the
model region, and are only greater than ±0.1 in the Salton Trough at the southern edge of
the model, and southern Tehachapi mountains at the northern edge of the model. This
residual map also highlights that fact that subtle differences in the locations of anomalies
between models - note in particular the LA Basin area - affects their comparison.

In general, where resolution in the SCEC3D model is highest (i.e. the basins, outlined in
black in figure 3.13), we see a very good match with our model, suggesting that we are
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able to resolve the average velocity ratio of the upper crust accurately. This implies that
outside of the well-resolved areas of the SCEC3D model, the LVRC model (whose
resolution does not change significantly) may be a preferred predictor of the velocity
ratio of the crust. Regardless, this comparison shows that the LVRC approach accurately
measures the velocity ratio of the upper crust in southern California (if we assume that
the SCEC3D model is accurate), and thus can be used reliably elsewhere in California.

3.4.2 Central California San Andreas Fault
To analyze potential drivers of velocity ratio variations, we compare our regional velocity
ratio map to geology in the vicinity of the San-Gregorio-Hosgri and San Andreas faults,
in coastal north-central California south of San Francisco Bay (figure 3.14). Geological
interpretations are taken from Dickinson et al. (2005). Because of the available detailed
geologic mapping in this area, it serves as a useful location for the analysis of the
correlation between geology and velocity ratio.

In general there is very good agreement between geologic terrains, faults that bound these
terrains, and patterns in the velocity ratio. This map shows a broad correlation between
higher (1.8 < Vp/Vs < 1.95) velocity ratios and the meta-greywacke of the Franciscan
Complex, and lower (1.65 < Vp/Vs < 1.8) velocity ratios with Salinian basement granites
and the Schist of the Sierra de Salinas, separated by the San Gregorio-Hosgri /
Nacimiento / Rinconada fault system to the west and the San Andreas to the east. In all
cases where Franciscan terrain outcrops, velocity ratio is higher than typical average
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crustal values (Vp/Vs > 1.8). Similarly, south of Monterey Bay where Salinian basement
outcrops in the northern Gabilan Range, velocity ratios are lower than 1.75. In the swath
of relatively low velocity ratio crust between the Nacimiento and San Andreas faults,
where tertiary sediments cover much of the Salinian, Vp/Vs drops to as low as ~1.65. The
pattern of lows here may reflect both an effect of the station sampling (lows coincide
with where stations are found) and also some internal structure to the Salinian block.

It is also very interesting to note that Salinian lithology west of the San Andreas fault in
this area matches the lithology of the Tehachapi block further south (figure 3.5), and
reconstructs to a position adjacent to that block when slip on the San Gregorio-Hosgri
and San Andreas fault systems are removed (approximately 156km, Dickinson et al.,
2005). The Tehachapi block coincides with a marked low in velocity ratio (Vp/Vs < 1.6)
of similar magnitude to the low velocity ratios collocated with the Salinian lithology to
the north. The potential association of these two low velocity ratio regions on either side
of the San Andreas Fault, ~160km apart, that have not been adjacent to one another since
the late Miocene (ca. 11Ma) (Dickinson et al., 2005) provides strong evidence that
underlying geology can play a dominant role in controlling variations in velocity ratios, at
least in this part of California.

3.5 VELOCITY RATIO OF THE SHALLOW CRUST
Differences in cLVRC and uLVRC approaches in our analyses allow us to quantitatively
constrain the velocity ratio of the shallow (upper 2km) crust across California, as
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discussed in section 3.3.3, and displayed in figure 3.12 (computed with an estimated
average shallow P-wave velocity of 4.0km/s over the upper 2km). Velocity ratios vary
from ~1.5 near the junction of the Garlock and Panamint Valley faults in southern
California to ~4.00 near the Mendocino triple junction in northern California. Note that
the dynamic range of this velocity ratio map is strongly dependant on the assumed
shallow P-wave velocity; increasing/decreasing this velocity does not change the
appearance of the map (i.e. highs and lows remain the same), but increases/decreases its’
range.

As with the bulk upper crustal velocity ratio, highs are located in a number of different
areas; again they appear to identify the deep basins in and near the LA metropolitan area,
and the ophiolite sequence of northern California east of Lake Berryessa. The highs of
the southern California basins also extend west through the Transverse Ranges and north
to the Big Bend of the San Andreas Fault. The largest high at Cape Mendocino is likely a
feature of the complicated structure there at the Mendocino triple junction. Low shallow
velocity ratios dominantly locate in areas of low bulk seismogenic velocity ratios (Long
Valley and the Tehachapi Mountains, for example), suggesting that in those locations
velocity ratio remains fairly constant throughout the shallow and seismogenic layers.
Interestingly the southern Salton Trough, one of the largest low velocity ratio areas of the
bulk seismogenic crust, indicates an elevated (Vp/Vs ~ 2.6-3.2) shallow velocity ratio,
suggesting quite different shallow structure there than that which the bulk seismogenic
velocity ratio records. As in the last section, we compare the shallow velocity ratio model
to that of SCEC3D in an attempt to calibrate and interpret our results.
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3.5.1 Shallow Crust of southern California and the SCEC 3D Velocity Model
To compare the LVRC model to the average velocity ratio in the upper 2km in SCEC3D,
we first compute the average P-wave velocity in the upper 2km of SCEC3D and use this
velocity to calculate a P-wave travel time representative of the shallow crust at each
station. Using this tp and the uLVRC fit to the bulk seismogenic crust, we extrapolate to
find ts and thus a velocity ratio representative of the shallow crust, as described in section
3.3.3. Average velocity ratios in SCEC3D are calculated in the same way as described in
section 3.4.1, now over the upper 2km rather than 12km. Resulting velocity ratio maps
for southern California are shown in figure 3.15a&b. One can see immediately that these
models are very different – the LVRC model predicts generally higher shallow velocity
ratios, and spans a much broader dynamic range than does the SCEC model. Figure
3.15c&d plot the models relative to the natural logarithm of the mean velocity ratio in
each, demonstrating that despite the differences apparent in absolute velocities, the
patterns observed (highs relative to lows) are similar. This is important because it shows
that both models identify the same areas of elevated velocity ratios, although the
magnitude of the variations is larger in our travel-time based results.

To assess which model is most consistent with observed earthquake travel-time data, we
compare velocity ratios predicted in each of these models (shallow LVRC and shallow
SCEC3D) to the ts vs. tp data and the unconstrained least squares fits (uLVRC) at a
number of stations across southern California (figure 3.16). Recalling figure 3.6b, we
expect the best-fit line representing the velocity ratio of the shallow crust to intercept that

33

C

-30

10

30

33

34

35

34
33

34

33

0

0

33

34

35

B
D
32
32
32
-121 -120 -119 -118 -117 -116 -115 -114 -121 -120 -119 -118 -117 -116 -115 -114

35

35

-0.60

-0.30

-0.00

0.30

0.60

D LN 6P6S 

Figure 3.15: Map of southern California showing the correlation between the average velocity ratio of the shallow crust (upper
2km) calculated via the LVRC method (a) and a SCEC-derived model created by averaging velocities in the upper 2km of
SCEC3D (b). (c), (d) Show the same models displayed as a fractional deviation from the natural logarithm of the mean of each
data set, demonstrating that the general trends in velocity ratio in each model are the same, but the dynamic range of each differs.
In all maps, areas with no sampling are shaded gray, and mapped surface fault traces from the USGS database are shown in dark
gray. Bold black outlines describe the areas of highest resolution (i.e. basins) of the SCEC3D model.

1.2

1.6

A

-0.3

0.3

34

35

20

32
32
32
-121 -120 -119 -118 -117 -116 -115 -114 -121 -120 -119 -118 -117 -116 -115 -114
36
36
36

33

34
0.15

2.0

2.4

2.8

3HALLOW
6P6S

35

10

-121 -120 -119 -118 -117 -116 -115 -114 -121 -120 -119 -118 -117 -116 -115 -114
36
36
36

110

111
of the seismogenic crust (the uLVRC estimate). This intercept occurs at a time
representing a depth above that of the shallowest earthquakes, assuming that the shallow
crust is aseismic. The plots in figure 3.16 show that in general, shallow velocity ratios
predicted from the LVRC model (shown in red) always intercept the uLVRC line for the
seismogenic crust – i.e. they accurately represent the shallow, generally aseismic crust. In
contrast, shallow velocity ratios predicted from the SCEC3D model (shown in black) do
not intercept the uLVRC line and thus do not represent the earthquake data.

To further illustrate this issue, we calculate the unconstrained least squares fit-equivalent
for the seismogenic crust (i.e. 2-12km) of the SCEC3D model at each station. From the
SCEC3D model, we compute the average velocity ratio between 2-12km at the location
of the station, and use this ratio and the ts vs. tp data to solve for the best y-intercept in a
least squares sense. The resulting fits are included in figure 3.16 (dashed lines), and show
that in general the seismogenic zone fit for SCEC3D does not intercept the shallow layer
fits from the same model (with the exception of station CIBLC), nor do they match the
travel-time data as well as the LVRC model. These data comparisons thus suggest that
the LVRC model is more representative of the velocity ratio of the upper crust, based on
earthquake travel-time data.
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3.6 USING THE LVRC AS A PREDICTIVE TOOL
Our analyses and calibration of the Local Velocity Ratio Calculation model in several
case studies supports its use to generate S-wave velocity models in areas where they are
lacking. Many (if not most) local and regional tomography studies invert only for P-wave
velocity due to a lack of S-wave picks and/or resolution, and so we can use the LVRC
model with these 3D tomography P-wave velocity volumes to generate synthetic S-wave
velocity data sets. In this section we analyze such an approach for two local tomography
studies: the first for the San Francisco Bay Area, from Thurber et al. (2007), and the
second for northern California, from Villasenor et al. (1998).

3.6.1 Bay Area Tomography
Thurber et al. (2007) generate a three dimensional P-wave velocity model of the San
Francisco Bay Area from local active source and earthquake data using double-difference
tomography, a joint tomography and earthquake relocation algorithm (Zhang and
Thurber, 2003). Their model covers a 140x240 km region sampled on an approximate
5x10 km grid at regular depth intervals below the surface, separated by a maximum of
2km in the upper crust. We average the P-wave slowness with depth at each grid node in
this model, to a depth of 12km, to generate an average P-wave velocity model
representative of the upper crust (figure 3.17a). We then divide this model by our bulk
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seismogenic LVRC model over the same area (figure 3.17b) to generate an average Swave velocity model of the upper crust in the Bay Area (figure 3.17c).

Main features of the resulting S-wave model include a clear contrast in S-wave velocity
across the San-Andreas-Hayward Fault System through the Bay Area, falling from
~>3km/s west of the faults to ~<2.6km/s east of the faults, a feature likely associated with
a change in geology over the same area, matching a similar pattern in velocity ratio as
discussed in section 3.4.2. In the northeast corner of the model, P-wave velocities fall off
sharply; a feature collocated with the high velocity ratios near Lake Berryessa, implying a
broad area of low S-wave velocity in the same location. The spatial correlation of these
low P-wave velocities with the independently computed area of high velocity ratio from
the LVRC model suggests some anomalous structure in this area.

In a similar manner, we can generate an average S-wave velocity model for the upper
2km of crust using our shallow LVRC model (figure 3.18). In this case, we are more
concerned with the patterns that such an analysis reveals, rather than specific values of Svelocity, as discussed in section 3.5.1.

The major features of the average shallow crust P-wave velocity model are the same as
those of the bulk crust; fast west and south of San Francisco Bay, and slow in the
northeast corner of the model near Lake Berryessa. Differences in the S-wave models of
the shallow crust vs. bulk crust therefore arise from differences in the LVRC models for
both depth intervals. S-wave velocities are again generally slower east of the San
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Andreas/Hayward fault systems, particularly in the Lake Berryessa region. The exception
to this is an area of high S-wave velocity in the northern Diablo Ranges east of the
southern end of San Francisco Bay. As in the bulk upper crustal model, granites of the
Salinian terrain show high S-wave velocities. San Francisco peninsula and Santa Cruz
also show high velocities relative to their surroundings. Near the junction of the San
Andreas and Calaveras faults exists a relatively low S-wave velocity region correlating
with the high velocity ratios and slow P-wave velocities of the Hollister Trough (Thurber
et al., 2007).

3.6.2 Northern California Tomography
Villasenor et al. (1998) produced a three dimensional P-wave velocity model north of San
Francisco Bay to Cape Mendocino using data from local earthquakes. This model is
sampled on a 10x10 km grid, at 2km depth intervals. Again, we average the P-wave
slowness with depth at each grid node, to a depth of 12km, and use the subsequent
average P-wave velocity model (figure 3.19a) with our bulk seismogenic LVRC model
(figure 3.19b) to generate an average S-wave velocity model of the upper crust in
northern California (figure 3.19c).

One of the most striking features of the P-wave velocity model are the low wavespeeds in
the Lake Berryessa region, corroborating results shown in the previous section from
Thurber et al. (2007), and similarly correlating with the area of high velocity ratio in the
bulk seismogenic LVRC model. In addition, the P-wave velocity model reveals low
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average velocities in the Cape Mendocino area, collocated with another area of broadly
high velocity ratios from the LVRC model. Consequently, both of these locations also
stand out in the average S-wave velocity model as areas of low wave speed. Another
dominant feature in the LVRC model in northern California is a broad low (~1.70)
velocity ratio region north of the Great Valley terminus, which is collocated with a region
of high P-wave velocity speed from the Villasenor model, and thus also require high Swave velocities. In general, the Great Valley seems flanked by low wavespeeds in the
west and high velocities in the east, but both the tomography and LVRC models lacks the
resolution in the valley itself to reveal internal velocity structure.

To focus on the average S-wave velocity of the shallow crust in northern California, we
divide an average P-velocity model of the upper 2km of crust from this tomography data
by the shallow crust LVRC model (figure 3.20). Features in the resulting model are
similar to those for the bulk upper crust; persistent low wavespeeds in the Lake Berryessa
region, and high velocities in the northern Great Valley. Cape Mendocino and coastal
areas to the south of this location demonstrate low S-wave velocities, while immediately
inland and slightly north of Cape Mendocino there are elevated S-velocities. These
features may relate to complications arising from the southern edge of the Gorda Slab in
this location, and potential underplating of North American crust beneath the coast south
of Cape Mendocino (Furlong and Schwartz, 2004). Interestingly, the geothermal area
south of Clear Lake does not appear as particularly anomalous, as might be expected.
This is perhaps a result of the spatial smoothing inherent in the LVRC model, as
discussed in the previous section.
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Figure 3.20: (a) Average P-wave
velocity model of northern California
shallow (upper 2km) crust, derived
from the P-wave tomography model of
Villasenor et al. (1998). Areas with no
sampling (outside of model, or low
resolution within model space) are
shaded gray, and mapped surface fault
traces from the USGS database are
shown in dark gray. (b) LVRC model
for the shallow (upper 2km) crust over
the same area. (c) Average shallow
(upper 2km) crustal S-wave velocity
model for northern California, derived
from (a) ÷ (b).

121
We also note that Lake Berryessa is an area of low wavespeeds and high Vp/Vs in all
three (independent) models used in this analysis, highlighting it as a target for more
detailed studies aimed at revealing the causes of such anomalous structure.

3.7 DISCUSSION AND CONCLUSIONS – THE VELOCITY RATIO OF CALIFORNIA
We have developed a method for calculating the velocity ratio in the bulk upper crust (0~12km) and shallow crust (0- ~2km) of California on a regional scale using the traveltimes of thousands of local earthquakes to the dense network of seismometers across the
state. To our knowledge, this type of analysis has never been attempted before, and as
such this study provides the first detailed assessment of broad-scale variations in velocity
ratio.

Calibration in southern California shows that the bulk upper crust LVRC is in good
agreement with SCEC3D in high resolution areas of the latter model, supporting the
reliability of the LVRC and its application elsewhere. We also compare the model to
detailed geological interpretations in central California, and show that one main driver for
variation in velocity ratio is geologic structure, as argued by others (e.g. Magistrale et al.,
2000; Brocher, 2005). This is not an unexpected result, and such relationships have been
used as the foundation for geology-based velocity models such as the USGS 3D velocity
model of San Francisco Bay and northern California (Jachens et al., 2006). The LVRC
model does however identify that relationships between geology and velocity structure
are perhaps not as straightforward as assumed in some models, and areas where observed
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geology (i.e. near-surface) does not correlate with measured velocity ratio likely give
important information related to the geology at depth.

Detailed numerical modeling (section 3.3.3) shows that the differences between
constrained and unconstrained least squares fits to the earthquake travel-time data is
directly correlated to changes in velocity structure with depth, information which can be
used to place quantitative constraints on the velocity ratio of the shallow crust, here
defined as the mainly aseismic upper 2km in this model. Analysis of the shallow crust
LVRC and comparisons to shallow velocity ratio structure in SCEC3D reveal similar
patterns (high vs. low), but a quite different dynamic range, although the shallow crust
LVRC model is more consistent with the earthquake travel-time data (figure 3.16). This
implies that while the shallow crust LVRC is very useful for identifying patterns in
velocity ratio and inferred S-wave velocity structure (and hence anomalous structure), it
is unclear whether absolute values are constrained.

As we have shown in section 3.6, both of the LVRC models can be used as predictive
tools to produce S-wave velocity models of the upper and shallow crust. These S-wave
velocity models can be derived from detailed P-wave models such as the threedimensional tomography results analyzed here. Such applications are useful to define
whether areas of high velocity ratio are driven by elevated P- or depressed S-wave
velocities, and thus identify regions of low S-wave velocity prone to greater shaking in
the event of an earthquake. Because of the spatial sampling of the LVRC model – each
station samples an area of approximately 20km radius – the identification of areas of
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elevated velocity ratio, or related depressed S-wave velocity, provide a regional
framework for more focused analysis to reveal local-scale structure.

The LVRC model approach can be applied in a variety of ways beyond seismic hazard
analysis. For example, Hayes and Furlong (2007) used the upper crust LVRC model to
resolve whole-crustal structure inferred from receiver function analysis into upper and
lower crustal components. Their receiver function interpretations produced estimates of
crustal thickness and average Poisson’s Ratio for the crustal column in several northern
California Coast Range locations, but no direct indication of which part of the crust drove
elevated Poisson’s Ratio estimates at two of their seismometers. By using the LVRC
results as an upper crust estimate of velocity ratio (and thus Poisson’s Ratio), they
inferred the lower crustal contribution to the whole-crust estimate, and thus showed that
the lower crust between Willets and Ukiah in northern California has a particularly
elevated Poisson’s Ratio ( > 0.35), consistent with the presence of melts associated with
triple junction and slab window migration (Hayes and Furlong, 2007; Levander et al.,
1998).

Similar applications coupling the LVRC method with receiver function analyses are
possible in southern California (e.g. Zhu and Kanamori, 2000), or even broadly
throughout California with further utilization of automated receiver function processing
of the EarthScope Transportable Array (e.g. Crotwell and Owens, 2005). Other uses for
the model include earthquake location and relocation techniques, which generally rely on
velocity ratio to relate P- to S-wave velocity structure. The integration of the LVRC
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model into standard location algorithms at the major seismic networks could further
improve the current accuracy of event catalogs and make a further step towards highly
accurate earthquake location databases. In addition, using the LVRC model (or similar
models such as that of Lin and Shearer, 2007) in earthquake relocation procedures may
facilitate further improvements to the high-resolution seismicity distributions currently
available.
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CHAPTER 4
Evidence for Melt Injection in the Crust of Northern California?†

ABSTRACT
The occurrence of an earthquake sequence near Lake Pillsbury, California during a sixmonth period in mid-2000 can be linked to magma transport in the crust; this activity is
potentially a pre-cursor to future volcanism. The position of Cenozoic volcanism in the
crust of the northern California Coast Ranges is directly linked to the northward
migration of the Mendocino triple junction (MTJ) and the formation of a slab window
beneath North American crust. The most recent manifestation of this is the Clear Lake
volcanics, which began erupting ~2Ma. With the continued migration of the triple
junction, volcanic activity is expected to occur to the north of Clear Lake in the future.
These volcanic centers erupt in areas where the crust is undergoing significant
modification as a result of slab window processes, and reflect important components in
the development of the San Andreas plate boundary system. When precisely relocated,
the earthquake sequence defines a streak of seismicity at ~8km depth. This sequence
demonstrates a local time-space migration over a distance of ~10km in two major pulses
of activity in the 6-month time period. Stress modeling allows us to infer that these
earthquakes may be the result of several dike injections. In combination with evidence for

†

The content of chapter 4 is published as “Hayes, G.P., Johnson, C.B., and Furlong, K.P., 2006. Evidence
for melt injection in the crust of northern California?, Earth Planet. Sci. Lett. 248, 638-649.”
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lower crustal melts in the same region from other seismological studies, we propose that
these earthquakes help map the occurrence of melt injection in the mid-crust to depths of
~10km, and present evidence that MTJ-related melt in the crust of northern California has
migrated north of the Clear Lake volcanic center.

4.1 INTRODUCTION
Changes in plate geometry and plate boundary structure related to the northward
movement of the Mendocino triple junction (MTJ) through northern California drive
deformation and volcanism in the North American crust south of the migrating triple
junction location (figure 4.1). As the MTJ migrates north, the subducting Juan de Fuca
Plate (often referred to in its southern extent as the Gorda Plate) vacates space in the
mantle beneath North America, leaving behind a slab window (Dickinson and Snyder,
1979; Zandt and Furlong, 1982; Furlong, 1993) that is filled with upwelling mantle. A
viscous coupling develops between the Gorda and North American Plates within the slab
window (Furlong and Govers, 1999), resulting in thickened crust in the vicinity of the
triple junction, and subsequent thinning further south.

Cenozoic volcanism in northern California also reflects the tectonic effects of the MTJ
passage. Volcanism that is systematically younger to the north (figures 4.1, 4.2)
(Dickinson, 1997; Johnson and O’Neil, 1984) follows in the wake of the migrating triple
junction and suggests a link between the two processes (Liu and Furlong, 1992). In the 2
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Figure 4.1: Regional map of northern California showing Coast Ranges volcanics and seismicity.
Earthquakes with magnitude > 2.5 from 1985-2005 are plotted in red, from the catalog of the
Northern California Earthquake Data Center (NCEDC). Mapped surface fault traces from the USGS
database (Quaternary faults and folds database of the United States, U.S. Geological Survey, Menlo
Park) are shown in black. Large red circles show the locations of four broadband seismometers,
CVLO, P01C, FREY and HOPS, used in receiver function studies (Chapter 2; Hayes and Furlong,
2007). Yellow shaded regions show the approximate locations of Neogene volcanic centers. CL =
Clear Lake, active 0.1-2Ma; SO = Sonoma, 3-7Ma; TO = Tolay, 11-13Ma (Dickinson, 1997). White
arrows and times show the past locations of the Mendocino triple junction, whose current location is
marked with a white circle (MTJ). The dashed grey line at this location marks the approximate
southern edge of the present-day subducting Gorda Slab. Dashed box shows area of map in figure
4.3a. Inset shows the general plate motions of the region.
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Figure 4.2: Present-day positions of volcanic centers in northern California. Modified from Dickinson
(1997). Various reconstructions of the positions of these volcanic centers at the time of emplacement
(Dickinson, 1997; Johnson and O’Neil, 1984) show a general younger to the north pattern, following in
the wake of the MTJ migration. This pattern is evident in the present-day positions, particularly on the
eastern side of the major plate boundary structures: east of the Ma’acama (Ma), Rodger’s Creek (RC),
Hayward (Hay), Calaveras (Cal) and southern San Andreas (sSA) faults. Tolay (To) and Page Mill (Pm)
volcanic centers require more reconstruction due to their position west of the Hayward fault system, and
hence fit with the northward-younging pattern once shifted south to their reconstructed position. Faults
labeled and shown in black are those used for paleogeographic reconstructions in Dickinson (1997); other
regional faults are shown in gray. BS=Bartlett Springs fault, nSA=northern San Andreas fault,
pSA=peninsula San Andreas Fault, SG=San Gregorio fault. Volcanic centers are: Sb=Sutter Buttes,
Cl=Clear Lake, So=Sonoma, Bh=Berkeley Hills, Sl=San Luis Reservoir, Qs=Quien Sabe. Ages of
volcanic activity at each location are given in brackets. White arrows and ages mark the reconstructed
position of the Mendocino fracture zone through time. The gray dashed line marks the approximate
location of the current southern edge of the subducting Gorda plate. The gray circle labeled MTJ is the
approximate current location of the triple junction. Yellow-hatched area north of Clear Lake marks the
approximate location of rapid crustal thinning inferred from receiver function analyses.
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million years since volcanism initiated at Clear Lake, the MTJ has migrated
approximately 80km. Because volcanism migrates synchronously with the triple junction
with some lag (for example the Clear Lake volcanics erupted ~100km south of the slab
edge position at the time of their initiation), we expect a new volcanic center to develop
further to the north. However, there has been little definitive evidence to identify where
this volcanism may occur.

4.2 BACKGROUND
Previous seismic studies in the region, using both active source and broadband receiver
function approaches, suggest that the middle-to-lower crust in the vicinity of Lake
Pillsbury, Redwood Valley and to the south may contain partial melt.

The Mendocino Triple Junction Seismic Experiment (Trehu et al,, 1995) collected a
series of seismic reflection and refraction profiles from 1993-1995 to determine crustal
and upper mantle structure along the North American margin in association with the
passage of the MTJ. As one outcome of these studies, Levander et al. (1998) inferred
melt in the lower crust (~20-25km depth range) near Lake Pillsbury, approximately 3550km north of Clear Lake, marking the possible site of future northern Coast Range
volcanism. They interpreted “bright-spots” in seismic reflection profiles across the width
of the Coast Ranges, particularly in a high-density seismic reflection survey near Lake
Pillsbury, to suggest zones of melt or other fluids in the lower crust. They associate these
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fluids with partial melt segregated from upwelling mantle into the slab window beneath
North American crust (Levander et al., 1998).

The analysis of seismic energy converted from P- to S-phases (receiver functions) at two
nearby seismic stations (FREY, HOPS, figure 4.1) show evidence for an anomalous
region in the mid-lower crust (~14-19km) between Clear Lake and Redwood Valley
(Hayes and Furlong, 2007). The crust here has a low P-wave velocity zone, with high
Poisson’s Ratio’s (>0.31), both characteristics of crustal partial melt. Crustal thicknesses
determined from receiver functions computed at stations CVLO, P01C, FREY and HOPS
(figure 4.1) show significant decreases in crustal thicknesses (>35km to <25km) moving
south from CVLO. This abrupt change seems limited to the vicinity of Redwood
Valley/FREY/Lake Pillsbury (figure 4.2), constrained to this area as dip on the Moho is
not evident at a recently deployed EARTHSCOPE station in Willets, ~10km north of
FREY (station P01C, figure 4.1). At Willits, the Poisson’s Ratio is of more typically
crustal values (~0.27). Rapid thinning is clearly not seen another 50km further north (still
south of the triple junction) at the CVLO seismic station near Round Valley (Hayes and
Furlong, 2007), where again the Moho is flat and Poisson’s Ratio is closer to normal
crustal values. The superposition of these features suggests a link between rapid crustal
thinning and the initiation of crustal melting (Hayes and Furlong, 2007).

These previous studies all link the development of middle-lower crustal melting in the
Redwood Valley/Lake Pillsbury region to the slab window and crustal thinning processes
occurring in northern California in response to the migration of the triple junction (Zandt

133
and Furlong, 1982; Furlong, 1993; Furlong and Govers, 1999; Furlong and Schwartz,
2004; Furlong et al., 2003). However, all of these previous results imply a broadly
distributed melt within an area of the lower-middle crust, and cannot define any localized
magmatic system at shallower levels. Here we present evidence, from a localized
sequence of earthquakes during the year 2000, of present-day melt migration from these
lower crustal bodies to upper-mid crustal levels, suggesting that the region west of Lake
Pillsbury is a likely focus for the next occurrence of Coast Range volcanism.

4.3 SEISMICITY AND EVIDENCE FOR MELT MIGRATION
During the months of April-September 2000, 252 earthquakes with magnitudes greater
than 1.5 were recorded (Northern California Seismic Network, NCSN), occurring on a
previously unmapped structure approximately 15km to the west of Lake Pillsbury (figure
4.3a). Such high levels of activity reflect more than three times as many events as were
recorded in the preceding 15 years in the same region. The seismic activity peaked with
97 events during May 2000.

4.3.1 Relocation Procedure
To better define the spatial distribution of the earthquakes involved in this sequence, we
precisely relocate (relative to one another) all events in the region using the double
differencing approach of Waldhauser and Ellsworth (2000). Both the Northern California
Earthquake Data Center (NCEDC) catalog picks and waveform cross-correlations using
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Figure 4.3: Map and cross-section highlighting the earthquake sequence analyzed in this study.
(a) Map view. Yellow dots are original NCEDC locations, red are relocated positions. Grey dots are
regional NCEDC events not relocated in this analysis. All datasets span 1985-2005. Seismic station
FREY is marked with a blue circle. NCSN short-period seismometers marked with black squares.
A-A’ delineates the location of the cross section shown in (b) Cross section of earthquake sequence.
Dashed lines mark interfaces in the velocity model used in the relocation. Relocations define two
distributions of events, a shallow cluster above ~3km and a deep streak of seismicity at ~8km depth.
Note the distinct lack of seismicity in the 3-7km depth range in the relocated earthquakes.
Relocating 198 deep events with the single value decomposition approach of Waldhauser and
Ellsworth (2000) to determine the relative accuracy of the relocations gives average 2 relative
location errors of <24m horizontally and 166m vertically.
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the approach of Shearer (1997) were used in the relocation procedure (waveforms from
the NCEDC and the NCSN databases). Waveforms are cross-correlated in a 2.56s
window cut around the P-wave, band-passed between 2-10Hz. Event pairs whose
correlation coefficient is greater than 0.6 are saved for the relocation procedure. In all,
468 events were relocated (all events in this area over the last 20 years, including the 252
earthquakes of the April-September sequence), using 8136 waveforms that produced
193,226 useable cross-correlated event pairs. Of these 468 events, approximately 360
remained after the relocation procedure (depending on the parameters used in the
relocation). This approach is similar to that recently used for relocations of the regional
northern California data set (Schaff and Waldhauser, 2004).

The relocated seismicity (figure 4.3b) defines a linear streak of earthquakes at ~8km
depth, and a mostly aseismic upper crust in the 3-7km depth range. The deep streak of
earthquakes is a persistent feature in all relocation trials, although its vertical position
depends on the velocity model used.

4.3.2 Velocity Model Effects
The vertical position of the deeper streak of seismicity identified in the relocation of the
earthquake data set shows some dependence on the velocity model used in the relocation
procedure that merits further discussion here. The hypoDD (Waldhauser, 2001) program
that implements the double differencing approach uses a user-specified velocity model to
produce the precise relative relocations. Depending on the velocity model used, the
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Figure 4.4: The effects of a mid-crustal velocity contrast on double-differencing relocations. Panel A
shows the original NCEDC catalog locations. Panels B-E show relocated earthquakes using the same
input parameters, varying the depth of the mid-crustal velocity contrast, Horizon XY. Panel B uses a
velocity model adapted from those used by the NCEDC for their initial locations on the Hayward Fault.
Panel C and D use the same model, shifting the 6km interface to a depth of 7km and 8km, respectively.
The model used in panel E combines the 3rd and 4th layers (3-14km) into one layer, whose slowness is an
average over those two layers. Changing the velocity model has the greatest effect on the depth of the
relocated event. The horizontal position does not notably change, and the sequence demonstrates
southward migration through May-September of 2000 in all cases.
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vertical position of the relative locations changed by a considerable amount, particularly
when there was an interface in the velocity model that dissected the main cluster of
original earthquake locations (figures 4.4, 4.5). In these relocation procedures, all other
parameters besides the velocity model are held constant.

The dependence of the depth of relocated hypocenters on the velocity model is related to
the position of a mid-crustal velocity contrast (figure 4.4) that is included in some of the
models at 5-7 km depth in relation to the earthquakes around that contrast. This midcrustal velocity contrast determines the quickest path from the earthquakes to nearby
stations, and hence dictates how first arrivals at those stations travel from the event. For
example, if a mid-crustal velocity contrast exists just below an earthquake (figure 4.4BD, ‘Horizon X:Y’), then the first-arriving P-wave at nearby stations will travel as a headwave beneath that interface in layer Y. If no boundary exists, or if the boundary is far
enough away, then the first-arriving energy will travel completely within layer X and
shallower layers to the stations. The difference in arrival times between these and various
other waves can vary considerably for a local network such as the one used here, and
hence the locations (based on these travel-time differences) are sensitive to the structure
(Michelini and Lomax, 2004). The position of the shallow boundary (3-5km depth) above
the majority of the earthquakes also demonstrates some control on final event locations
(figure 4.5). This dependence may be related to links in the relocation procedure between
the shallow events and deeper events, and how long these links are maintained (as
iterations proceed the maximum distance these links can span reduces).
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Our modeling also indicates that there is a stronger velocity model location sensitivity
towards the northern end of the profile A-A’. Such sensitivity is likely a consequence of
the denser coverage of useable stations in the southern half of the study area. Some of the
northern stations, which are located very close to the earthquake lineation, had
seismograms that were clipped and therefore unusable in the cross-correlation procedure.
The removal of these events affects the strength of links among events in the relocations;
if the northern events have fewer, weaker links their locations are more vulnerable to
velocity model perturbations.

The dependency of the double differencing method results on the velocity model is a
feature that has rarely been discussed prior to this study; indeed, the majority of studies
report the opposite (Waldhauser and Ellsworth, 2000; Waldhauser and Ellsworth, 1999;
Rubin et al., 1999), and only one study to our knowledge has tried to quantify these
dependencies (Michelini and Lomax, 2004). Future users of this and other similar
relocation techniques should note these velocity model effects and take them into account
when interpreting their results.

4.3.3 Temporal Seismicity Pattern
The relocated earthquake sequence (figure 4.3b) demonstrates a clear pattern of
southward migration with two distinct bursts of activity. The May-June sequence spanned
a distance of ~7km (figure 4.6). The second, starting in early-mid August, was shorter in
duration and extent, and migrated ~3km over ~30days (figure 4.6). After mid-September,
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most of the activity moved back towards the north end of the earthquake streak and is
concentrated at the northern end of the sequence after October 2000.

It is unlikely that fluid migration could drive this earthquake sequence. Employing
Darcy’s Law and the migration rate of the seismicity to define crustal hydraulic
conductivity at 8km depth, the hydraulic conductivity would need to be ~4 orders of
magnitude higher than expected at this depth (Freeze and Cherry, 1979) (2x10-12), thus
making fluid migration an unlikely mechanism.

The earthquake sequence also has some similarity to streaks of seismicity identified
through relocation techniques on other faults in California (Waldhauser and Ellsworth,
1999; Rubin et al., 1999; Shearer, 2002). However, none of those streaks of seismicity
demonstrate a pattern of migration. These other streaks are substantially shorter than the
7km May-June sequence, and are defined by earthquakes that span at least 13 years,
rather than the one-two months in this sequence.

4.3.4 Focal Mechanisms
In order to infer the sense of slip across the structure, we determine focal mechanisms for
the earthquake sequence. Focal Mechanisms were produced for all relocated earthquakes
that had greater than 50 first motions. Take-off angles, distances and azimuths at each
station for each event are determined routinely as part of the relocation procedure
(Waldhauser, 2001); first motions came from the NCEDC catalog. First motions from the
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catalog were checked against the waveforms for a random selection of events, and found
to be in near-perfect agreement; the majority of discrepancies were at stations that
registered as conflicting observations in the solutions. Because focal mechanisms (figure
4.7) for earthquakes in the 8km deep streak are predominantly right-lateral strike-slip
events striking northwest, we suggest the earthquake sequence is associated with motion
between the Pacific and North American Plates (plate boundary strike ~N032W), and is
tectonic (not magmatic) in origin. The statistical character of the sequence demonstrates a
Gutenberg-Richter b-value of 0.90, close to the average for California earthquake
sequences (Reasenberg and Jones, 1989). The sequence of seismic events does not appear
to be a volcanic swarm; nor does it simply reflect the aftershock sequence following a
moderate-sized event. Although one of the largest events in the year 2000 seismicity
(M4.2, May 17th, 2000) occurs early in the sequence, the decay after this earthquake
shows an Omori constant of p=0.45 (i.e. relatively slow decay), outside of the typical
range for Southern California earthquakes (0.50  p  1.50, mean=1.08) (Reasenberg and
Jones, 1989) suggesting that this is not likely a mainshock-aftershock sequence.

4.4 COULOMB STRESS MODELING
One potential explanation for the temporal pattern seen in the seismicity (figure 4.6) is
association with one or more dike emplacement events. Within each emplacement,
systematic southward migration may reflect how the magmatic material propagated
during its’ injection. We propose that these earthquakes are a tectonic sequence initiated
or encouraged by dike injection into the mid-crust. We envisage that the dike(s) are
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sourced from zones of melt in the lower crust (Levander et al., 1998; Hayes and Furlong,
2007), and that the dikes represent melt transport to the mid-upper crust. We hypothesize
that a dike injection would relax normal stresses in the crust immediately above the
shallow tip of the dike, and thus promote crustal failure in that location. The regional
stress field is that associated with the Pacific-North America shear, and thus relaxing
normal stresses will promote right-lateral faulting.

We test our proposed mechanism by using Coulomb 2.6 (Toda and Stein, 2002) to model
changes in stress associated with crustal dike injections to a depth of 10km. Because the
focal mechanisms show dominantly right-lateral strike-slip faulting aligned with plate
motion (N032W), we resolve stresses caused by the dike injections onto such a structure
and assume that the strike of the dikes align with the trend of the observed seismicity.
Each dike injection is modeled with an opening of 5m. We incorporate the plate tectonic
regional stress field by including displacement on the primary regional plate boundary
structures, the Ma’acama and Bartlett Springs faults, to the west and east of the dike,
respectively (figure 4.3a). Because the seismicity shows two distinct earthquake
sequences, we test models with both two separate dike injection events, and a single dike
injection.

In order to simulate the stress consequences of two separate dike injection events, we
consider one dike to be associated with the May-June sequence of events and a second
dike coinciding with the sequence that began in mid August (figure 4.6). Since these two
main phases of activity, smaller clusters of events have occurred at the northern end of
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Figure 4.8 (next page): Modeling of a dike injection trigger for the year 2000 earthquake
sequence near Lake Pillsbury in northern California. Models are shown for the individual dike
injections corresponding to the May-June sequence of earthquakes (a), and the subsequent
August-September events (b); (c) shows the stress changes resulting from both emplacement
events. In each figure, the color map of the coulomb stress changes associated with the dike
injections is shown in the background, computed using Coulomb2.6 (Toda and Stein, 2002).
Each model is overlain with the earthquakes corresponding to the time period of the injection;
(c) shows all events. Earthquakes are colored by time according to the color bar shown in (c),
which also shows a cartoon interpretation of the dike injection and possible source. Size of the
earthquake symbols scale with their magnitude. This model implies an increased likelihood of
earthquake rupture on a structure aligned N032W (equivalent to the best fitting fault plane from
focal mechanisms, and approximate plate motion direction) in the area directly above the
injection, where the majority of earthquakes occur. Note that the models are geometrically simple
and match the general characteristics of the observed seismicity. These models are not intended to
place constraints on the exact shape of the dike intrusion.
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the sequence, moving north with time (Oct-Nov 2000, Aug-Sep 2001, and Nov-Dec
2002), suggesting activity may have continued past the time modeled.

The coulomb stress modeling (figure 4.8) shows substantial stress increases, which
would promote right-lateral failure in the area directly above the dikes where the majority
of events occur (figure 4.8). The aseismic mid-crust aligns with the predicted zero stresschange axis of the model, consistent with the lack of earthquakes in this area. Although
we have not constrained the detailed geometry of the dikes, we have shown that the
mechanism of dike injection is a possible trigger for the earthquake sequence. The
existence of shallow events in the region is enigmatic. The stress modeling implies
seismicity should be inhibited in that region. Focal mechanisms of these events are
relatively unconstrained (25-50 first motions), as most are very small earthquakes, but the
largest shallow events imply similar mechanisms to deeper events. Perhaps more
significant is the fact that these earthquakes follow the same pattern of time-space
migration as does deeper seismicity, implying a link between the two areas of activity.
We suggest that these shallow events are a secondary response driven by the deeper slip.
At this stage, however, the link between the two is unclear.

We have also modeled the changes in coulomb stress caused by the largest earthquake in
this sequence, a M4.2 event on May 17th 2000. As in previous models, stresses are
resolved onto a right-lateral strike-slip fault oriented in the direction of the best-fitting
fault plane from focal mechanisms. The model includes the regional stress field by
incorporating displacements along the regional plate boundary structures. To calculate
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the source parameters of the earthquake, we follow the procedure of Gans et al. (2003).
This modeling reveals that the relocated earthquake distribution is inconsistent with a
simple mainshock-aftershock sequence, and that subsequent events are not aligned with
areas of increased stress. Furthermore, the lack of seismicity in the mid-crust is difficult
to explain with such a model. The dike injection models produced stress perturbations
much more consistent with the distribution of seismicity.

4.5 DISCUSSION
A dike injection to the mid-crust beneath the year 2000 earthquake sequence generates a
pattern of stress increase consistent with triggering or promoting seismicity along a streak
at a depth of ~7-8km along the associated structure. The spatial relationship of this dike
emplacement event with the surrounding strike-slip faulting, rapid crustal thinning and
volcanism merits further discussion.

Five of seven volcanic centers that follow in the wake of the migrating triple junction fall
east of the southern extensions of the Ma’acama Fault system, and west of what would be
the southern extensions of the Bartlett Springs fault (figure 4.2). The present-day location
of rapid crustal thinning and the presence of melts in the lower crust associated with the
MTJ is also coincident with this fault corridor, as inferred from both seismic reflection
studies (Levander et al., 1998) and receiver function analyses across the Coast Ranges
(Hayes and Furlong, 2007). In light of the proposed Mendocino crustal conveyor (MCC)
model of viscous coupling between the North American and Gorda plates (Furlong and
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Govers, 1999), we envision that this fault corridor represents the spatial extent of the
primary coupling. With the development of the MCC the major strike-slip faults (the
Ma’acama and Bartlett Springs faults, or their southern counterparts) form at the eastern
and western bounds of the block, separating crust involved in the thickening and thinning
associated with the triple junction migration from surrounding crust that does not show
the same effects. Similarly, melts in the slab window beneath this crustal block
(Dickinson and Snyder, 1979; Zandt and Furlong, 1982; Furlong, 1993) will accumulate
most where crustal thinning is greatest, most likely the mid-point between the two faults.
How this material subsequently gets to the surface is a function of the pathways it finds
through the crust. Though purely qualitative this model explains the spatial relationships
of volcanism, faulting, crustal thinning and seismicity, relating them to the passage of the
triple junction and its effects on the crust of northern California.

4.6 CONCLUSIONS
Volcanic activity in northern California follows in the wake of the migrating triple
junction, and additional volcanic centers are expected north of Clear Lake in the future.
Lower crustal melts have been inferred in other studies (Levander et al., 1998; Hayes and
Furlong, 2007), and may mark the location of sources to feed surface activity. The
systematic southward migration of an enigmatic earthquake sequence along a streak at
~8km depth in the crust suggests links with the movement of melts in the crust. Our
analyses have shown that a series of dike injections to a depth of ~10km generates a
pattern of Coulomb Stress change compatible with the distribution of earthquakes and the
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aseismicity of the shallow-mid crust. The pattern of Coulomb Stress change implies that
the earthquakes are caused by the relaxation of normal stresses in the crust above the
intruding tip of the dike, thus encouraging the earthquakes to slip in a right-lateral
direction consistent with the regional stress field driven by the shearing motion between
the Pacific and North American Plates. The earthquakes are unlikely a simple mainshockaftershock sequence, are unrelated to fluid migration (such as water or CO2), and differ in
their temporal and spatial behavior from streaks seen in earthquake relocations along
other strike-slip faults in California. The largest event in the sequence does not generate
Coulomb Stress changes compatible with triggering subsequent earthquakes of the
sequence, and cannot explain features such as the relatively aseismic shallow-mid crust
between 3-7km.

In conclusion, the combination of evidence for melts in the lower crust of this region
(Levander et al., 1998; Hayes and Furlong, 2007) and the migrating earthquake sequence,
which can be generated by dike injection, suggests that the intrusions originated from
lower crustal melt bodies. The deeper melt bodies are likely sourced from mantle material
that has risen into the migrating slab window beneath North American crust (Furlong and
Govers, 1999; Liu and Furlong, 1992; Guzofski and Furlong, 2002). These results imply
that melting in the crust of northern California continues today, and perhaps more
importantly provide the missing link between MTJ-related melt formation and Coast
Ranges volcanism by defining mechanisms by which the two processes are connected.
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CHAPTER 5
Intraplate Deformation Adjacent to the Macquarie Ridge South of New Zealand The Tectonic Evolution of a Complex Plate Boundary†

ABSTRACT
The distribution of relocated seismicity and shape of fracture zones through time in the
oceanic crust of the Australian Plate adjacent to the Australia:Pacific plate boundary
south of New Zealand are used to study the deformation of this region of the Australian
Plate, here called the Macquarie Block. Relocated seismicity reveals a broad distribution
of earthquakes in the Macquarie Block on both inter- and intra-plate structures, including
two great (M8+) earthquakes in the region over the past twenty years, one of which
occurred over 130km from the plate boundary. Plate reconstructions through the Late
Oligocene through Early-Mid Miocene allow me to determine the undeformed shape of
fracture zones in the Macquarie Block, formed during the Paleogene when the plate
boundary was dominantly a divergent mid-ocean ridge system. Comparing these
reconstructions to the present-day shape of the fracture zones allows me to define the
deformation that has occurred within the Macquarie Block since their formation. These
two sets of independent observations delineate a broad zone of deformation extending
~150km into the plate interior from the Macquarie Ridge Complex, the modern plate

†

The content of this chapter will be submitted to as “Hayes, G.P., Furlong, K.P., and Ammon, C.J., 2007.
Intraplate Deformatrion Adjacent to the Macquarie Ridge South of New Zealand – The Tectonic Evolution
of a Complex Plate Boundary.”
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boundary structure through the region. The persistence of this deformation through time
indicates a link with the evolution of the plate boundary over the past ~25Ma from
divergence to translation and subduction of the Australian Plate further north at the
Puysegur Trench. We infer that this deformation may be a result of stress build-up in the
Macquarie Block as a consequence of the impingement of the subducting plate on the
thickened lithosphere of southern New Zealand. Such a collision may act as a resisting
force to subduction, and if it continues, further deformation internal to the Macquarie
Block may lead to a southward migration of the Australia:Pacific subduction interface
and the capturing of this section of lithosphere onto the Pacific Plate.

5.1 INTRODUCTION
The Australia (AUS): Pacific (PAC) plate boundary through and south of New Zealand in
the southwest Pacific is one that has experienced rapid changes and recent tectonic
evolution. From the Hikurangi Margin adjacent to New Zealand’s North Island to the
AUS:PAC: Antarctica (ANT) triple junction approximately 15° south of the South Island,
the modern plate boundary transitions from subduction to transform faulting, or vice
versa, five times. These transitional regions have developed, evolved and in some cases
migrated over relatively short periods of time; since approximately 25Ma in northern
New Zealand (e.g. King, 2000), ~20Ma in Fiordland of New Zealand’s South Island (e.g.
Lebrun, 2003), and ~6Ma at the Hjort Trench, near ~58°S (e.g. Cande and Stock, 2004).
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Today, the plate boundary south of New Zealand is located along the Macquarie Ridge
Complex (MRC), a dominantly translational structure accommodating right-lateral
motion between the Australian and Pacific Plates (figure 5.1a), and the Puysegur Trench,
where Australian lithosphere subducts beneath the southwest corner of New Zealand on
the Pacific Plate. Between ~45-25Ma, this system was dominantly divergent, with sea
floor spreading occurring along the Macquarie Spreading Center (e.g. Weissel et al.,
1977; Walcott, 1984; Sutherland, 1995; Lamarche et al., 1997; Cande and Stock, 2004).
Since that time, predominantly southward migration of the AUS:PAC Euler pole has led
to a reorganization of the plate boundary into the structure we see today.

While this plate boundary evolution has been analyzed by a number of authors in the past
(e.g. Weissel et al., 1977; Walcott, 1984; Sutherland, 1995; Wood et al, 1996; Lamarche
et al., 1997; Massell et al., 2000; Sutherland et al., 2000; Varne et al., 2000; Lebrun et al.,
2003; Cande and Stock, 2004; Keller, 2004), these studies offer somewhat conflicting
explanations for the plate boundary structure through time. Often this was because new
datasets, offering improved resolution, lead to revision of plate reconstructions, plate
geometries and plate interactions. In this case, the integration and co-interpretation of
multiple independent data sets provides improved constraints to analyze this rapidly
varying plate boundary system.

Here we address how patterns of present-day deformation evident in structures and
seismicity on either side of the MRC can be identified and quantified by coupling
updated models of plate motions along the AUS:PAC plate boundary south of New
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Zealand with a detailed seismological analysis of recent earthquakes. Specifically, we
relocate abundant inter- and intra-plate seismicity to identify present-day deformation
internal to the Australian Plate adjacent to the MRC between ~47°S-54°S (hereafter
referred to as the Macquarie Block), and combine this analysis with plate reconstructions
over the past 30Ma, which show that Macquarie Block deformation is an ongoing
phenomenon that has accumulated over the past 20-25 million years.

5.2 TECTONIC BACKGROUND OF THE AUS:PAC PLATE BOUNDARY SOUTH OF NEW
ZEALAND
Subsequent to sea-floor spreading in the Tasman Basin ending at approximately 52Ma,
renewed spreading (with a significantly different geometry) began along the Macquarie
Spreading Center by at least 42Ma (chron 18), the oldest magnetic anomaly identified in
the new oceanic crust (Weissel et al., 1977; Wood et al., 1996). This rifting separated the
Resolution Rifted Margin on the Australian Plate from the Southwest Campbell Rifted
Margin on the Pacific Plate (Sutherland, 1995), and was well established by the Mid-Late
Eocene at the latitude of the Macquarie Spreading Center. After this time, plate
reconstructions (e.g. Walcott, 1984; Cande and Stock, 2004) indicate that the AUS:PAC
Euler pole, already relatively close to the plate boundary, migrated southwards during the
Late Paleogene. Using the finite pole locations of Cande and Stock (2004), we derive
stage poles, relative to a fixed Pacific Plate, for each discrete time interval (table 5.1,
figure 5.1b). These stage poles indicate that the southward migration of the Euler finite
pole caused a systematic change in plate motions from divergence to right-lateral
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translation. This transition occurred rapidly during the Oligocene, spanning chrons 11o6o, at which time southward migration slowed (figure 5.1b). At the latitude of the
Macquarie Spreading Center, motion became dominantly translational by about 20Ma,
and the Australian Plate began its northward motion relative to the Pacific towards New
Zealand. The northeast corner of the Australian Plate (the Macquarie Block) began to
subduct beneath Fiordland at ~20Ma (Lebrun et al., 2003). During the period of sea floor
spreading, a set of conjugate fracture zones were created in the new oceanic crust of the
Australian and Pacific Plates, presumably orthogonal to the spreading center. Since their
creation and the transition from dominantly divergent to translational motion between the
plates, these fracture zones have taken on the significantly curved appearance we see
expressed today (figure 5.1a,b).

Finite Pair
Age Range (Ma)
Latitude Longitude
Rate (deg/Myr)
3Ay:2Ay
6.04-2.58
-59.760
186.767
1.046
5o:3Ay
10.95-6.04
-56.997
184.306
1.128
6o:5o
20.13-10.95
-54.360
183.020
1.122
8o:6o
26.55-20.13
-51.330
177.794
1.097
11o:8o
30.10-26.55
-43.105
167.904
1.307
12o:11o
30.94-30.10
-39.892
173.902
1.043
13o:12o
33.55-30.94
-26.039
178.117
0.603
15o:13o
34.94-33.55
-40.457
173.366
1.104
34.94-30.10
15o:11o
-34.650
175.500
0.816
Table 5.1: Stage Pole locations for the AUS:PAC plate boundary system, calculated
using the finite poles of Cande and Stock (2004), holding the Pacific Plate fixed.
Existing explanations of the arcuate appearance to these fracture zones assume that
increasing amounts of rotation and shortening of the spreading ridge segments between
~45-10Ma as the pole migrated south (e.g. Lamarche et al., 1997; Massell et al., 2000;
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Lebrun et al., 2003) produced the observed geometries. Such a model, while
conceptually appealing, is inconsistent with recently updated models of past plate
motions (e.g. Cande and Stock, 2004; Keller, 2004), Those previous studies used rotation
poles (Sutherland, 1995) that were calculated under an assumption that current fracture
zones represent primary (i.e. undeformed) fabric in the oceanic crust. Plate
reconstructions between 30Ma and the present performed in this study show that this
assumption no longer holds. The rapid changes in plate motions that occurred after
26.5Ma can only affect the crust and fracture zones created in that time period. Since
most of the oceanic crust created along the MRC had been formed by this time including much of the lengths of the present-day arcuate fracture zones - any rotations of
fracture zone orientations must have been restricted to a narrow region adjacent to the
present plate boundary and thus cannot account for the large amounts of fracture zone
curvature evident in crust older than 26.5Ma.

Furthermore, as plate motion changed from divergent to translational, subsequent rightlateral motion across the plate boundary caused conjugate fracture zones to be translated
past each other so that they are no longer aligned, and require plate reconstructions to aid
in correlating the matching pairs. Lebrun et al. (2003) appears to have mismatched
conjugate fracture zone pairs (e.g. Lebrun et al., 2003, compared to Keller, 2004), as
shown in figure 5.2, a 30Ma reconstruction of this plate boundary. For example, in
figure 5.2, we show that Lebrun correlates fracture zone 4 on the Pacific Plate (Matata
fracture zone in Massell et al. (2000); fracture zone 9 in Lebrun et al. 2003) with fracture
zone 5 on the Australian Plate (Lhuwa fracture zone in Massell et al. (2000); fracture
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zone 9 in Lebrun et al. 2003), perhaps because of unidentified fractures on either side of
the plate boundary (FZ8 on the Australian Plate, FZ5 on the Pacific Plate). These
mismatches thus produce plate reconstructions that conflict with more recently available
data. To make accurate fracture zone correlations, we reconstruct the plate boundary to a
time before any significant deformation had occurred, and use matching fracture zones
for subsequent calculations.

In the same region as these curved fracture zones, over the past 35 years (i.e. since high
quality global seismicity catalogs became available), high levels of seismicity have been
recorded both on the MRC and within the adjacent Australian Plate (figure 5.1a). This
activity includes two great (M8+) earthquakes in the past 18 years, one on the MRC and
another over 150km west of the ridge within the oceanic crust of the Australian Plate.
This same plate boundary region also experienced a great, Ms8.3 earthquake in 1924
(06/26/1924), evidence that high stress release here is not just a recent feature. Such
abundant seismicity suggests high levels of present-day internal deformation in the
Macquarie Block that is not evident in the adjacent Pacific Plate, though the age and
composition of the oceanic crust there is equivalent to that on the Australian side of the
ridge.

Together these observations imply that significant deformation has accumulated internal
to the Australian Plate over the past ~25 million years, and may continue today. What
link exists between the two can be analyzed by establishing the location and extent of
deformation implied by each observation through a detailed study of earthquake

164
locations, and of fracture zone geometry changes inferred from plate reconstructions over
the past 30 million years.

5.3 MACQUARIE RIDGE EARTHQUAKES
The MRC and the surrounding oceanic lithosphere has hosted almost three hundred
earthquakes of M4.5+ in the past 24 years, many of which have occurred within the
Australian Plate west of the main plate boundary (figure 5.1a). We use these earthquakes
(precisely relocated), and analyses of the rupture processes of larger events (M7+), to
explore details of the evolution of the Australia:Pacific plate boundary through the
southwest Pacific, with a particular emphasis on quantifying the deformation in this
region. Such an analysis is enhanced by the more accurate locations that we have
determined. As with any earthquakes outside dense seismic networks, events here are
initially located using teleseismic observations, fundamentally limiting the resolution of
earthquake origin time and location. To avoid such uncertainties, we relocate all M5+
earthquakes from 1989-present using a surface wave relative relocation algorithm
developed by Charles Ammon (Ammon, 2004). This method is based on similar “doubledifference” principles to those used for other relocation techniques (e.g. Waldhauser and
Ellsworth, 2000). However, rather than utilizing relative arrival times measured via crosscorrelation of body waves, this technique uses surface wave phase shifts. Specifically, the
method measures phase shifts from intermediate period (~25-75 seconds) Rayleigh
waves, linking events within 100km whose correlation coefficient in a 2.0-4.75km/s
group velocity window is sufficiently high. Here we require that the correlation
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coefficient exceed 0.75 at 6 or more stations worldwide. In this way, we can accurately
constrain the relative locations of a chain of earthquake epicentroids (epicenter of the
centroid of the event; Ammon, 2004). As surface waves are relatively insensitive to small
changes in earthquake depth, the technique does not change this parameter.

Resulting earthquake relocations are shown in figure 5.3a. Initial locations and
associated relocation shifts are shown in figure 5.3b. In the northern part of the study
area, relocations generally define tight linear clusters along the plate boundary. For
example, a linear system of dominantly right-lateral strike-slip events trending northeast
at the intersection of the MRC with the Puysegur Trench (the transition from transform
faulting to subduction) appears to define the eastern edge to the subducting Australian
Plate where the slab is shallow enough to be adjacent to Pacific lithosphere and remain
seismically active. Further south along the plate boundary, near the M8.0 5/23/1989 event
(Dziewonski et al., 1990), relocated seismicity is more broadly distributed between plate
boundary events and northerly trends of intra-plate events approximately aligning with
relic oceanic fracture zones in the Australian Plate. The M8.1 12/23/2004 event remains
over 130km from the plate boundary after relocation (the 40km shift in location from its
initial position relates primarily to the difference in the NEIC epicenter location and the
event centroid). Although aftershocks of this event are very difficult to locate due to
signal interference from the Sumatra earthquake sequence, which began three days after
this earthquake (Mw9.15, 12/26/2004; Ammon et al., 2005), those that remain well linked
in the relocation inversion (generally occurring several months after the mainshock)
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define a NNE-SSW trend around the mainshock epicentroid. Although nodal planes in
the Global Centroid Moment Tensor (CMT) solutions (e.g. Ekström et al., 2005) of these
events align with bathymetric features, the trend in epicentroids cuts across the two
closest fracture zones.

Detailed analysis of the rupture characteristics of the two M8+ events (Mw8.0 on
5/23/1989, Mw8.1 on 12/23/2004) provide insight into the on- and off-plate boundary
deformation occurring in this region. Source time functions, a measure of the earthquake
moment release with time, provide information on the dimensions of the source fault and
potentially the distribution of its asperities, while the variation in duration of source time
functions with azimuth around the earthquake (directivity analysis) helps to identify the
source nodal plane and direction of rupture propagation. Figure 5.4 explains this analysis
schematically using a straight-forward example of horizontal propagation. Consider an
earthquake that initiates at one end of a 100km fault and propagates from that epicenter at
3km/s (generating ‘new’ P-waves as the rupture front travels). P-waves from the
epicenter will be recorded at a station 100km to the south approximately 17s after the
origin time of the event (assuming P-wave velocities of 6km/s), and at a station 200km to
the south after approximately 33s. Slip occurs at the northern end of the fault rupture
once the rupture propagation fault reaches that location, ~33s after the origin time of the
event. Subsequently, P-waves from this location reach the station to the north after
another ~17s, and at the southern station after another ~33s. Recorded at the southern
station, the rupture was thus ~ 50s long; according to the northern station, rupture lasted ~
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17s. The difference between these source time functions therefore helps identify the
direction of rupture propagation for this event.

The 5/23/1989 event has been previously studied in detail (Anderson and Zhang, 1991;
Braunmiller and Nabelek, 1990; Das, 1992; Das, 1993; Ekström and Romanowicz, 1990;
Satake and Kanamori, 1990; Tichelaar and Ruff, 1990; Velasco et al., 1995), and we have
used the results of those papers for the details of the earthquake rupture characteristics.
Surprisingly, despite the large size of the event, little directivity was seen in the body or
surface waves. Those studies that used body waves to constrain the rupture process
(Braunmiller and Nabelek, 1990; Das, 1993; Satake and Kanamori, 1990; Tichelaar and
Ruff, 1990; Velasco et al., 1995) tended to infer shorter source time functions (less than
~30s), lower moment (1.0-1.8 x1021 Nm) and shallower depth (10-15km) than the surface
waves studies (60-90s, 1.4-2.4 x1021 Nm, 15-50km depth; Anderson and Zhang, 1991;
Das, 1993; Ekström and Romanowicz, 1990; Satake and Kanamori, 1990; Velasco et al.,
1995). In general these studies identified a complex rupture (likely bilateral at first with
unilateral components later in the rupture process) on the main plate boundary fault.
Aftershocks occurred both on the Macquarie Ridge (right-lateral) and on potentially also
on a near-perpendicular fracture zone in the Australian Plate (left-lateral), south and west
of the mainshock (e.g. Das, 1992).

The 2004 event has not been studied in comparable detail. Preliminary analysis of the
mainshock conducted here shows very little directivity in the event waveforms. Source
time functions computed using normal mode-generated theoretical Green’s Functions
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(figure 5.5) imply durations of approximately 100s from all directions. Assuming a
unilateral rupture and typical rupture parameters for oceanic lithosphere (rupture velocity,
Vr ~ 3km/s; shear modulus, µ ~ 40GPa; fault width, W ~ 30km), this implies a fault
length of approximately 300km, and peak slip of ~8m. These dimensions scale with
rupture velocity, and so a slower propagation would produce shorter rupture length and
higher slip. Anomalously short rupture length, concentrated slip close to the event
hypocenter and little or no directivity have been observed in association with other large
oceanic earthquakes, such as the 1989 Macquarie event discussed above, and the 19871988 Gulf of Alaska earthquake sequence (three large intraplate strike-slip earthquakes of
Mw7.2, Mw7.8 and Mw7.7; Hwang and Kanamori, 1992), and in continental settings (e.g.
the 1997 Mw7.5 Tibet earthquake; Velasco et al., 2000). Nevertheless, even with slow
rupture velocities (e.g. vr =1.2km/s) this earthquake slipped over a length of ~130km, so
we would likely expect directivity in the waveforms. Its absence suggests a complex
rupture history of the earthquake (and/or a lack of high frequency resolution in our
synthetics), and also makes it difficult to unambiguously identify the fault plane for the
event, though the north-south distribution of aftershocks favor left-lateral rupture on a
NNW-SSE oriented fracture zone (figure 5.3b). If the NNW-SSE plane is the fault
surface, rupture lengths inferred from the source time functions indicate that this
earthquake may have ruptured through the entire deformed crust of the Macquarie Block.
The location of this earthquake over 130km from the plate boundary is also interesting,
and coupled with the abundance of moderate-sized earthquakes in this region suggests
that the Macquarie Block stores large amounts of strain to be released seismically, both
on and off the plate boundary structure. Some of this off-plate boundary seismicity may

173
occur on a series of relic oceanic fracture zones in the crust of the Australian Plate
(figures 5.1, 5.3). The region including the equivalent fracture zones on the Pacific Plate
do not show the same high levels of seismicity (figure 5.1), implying that (as the ages
and composition of the oceanic lithosphere on either side of the plate boundary are
similar) some additional factors cause the higher levels of strain internal to the Australian
lithosphere.

5.4 AUSTRALIA:PACIFIC PLATE RECONSTRUCTIONS
We can determine the extent of deformation in the lithosphere containing the fracture
zones either side of the MRC, by first estimating the undeformed fracture zone geometry.
To do this, we reconstruct the Australian and Pacific Plates through the time period over
which the fracture zones were created. Plate tectonic assumptions dictate that fracture
zones form orthogonal to mid-ocean ridges, which in turn are aligned perpendicular to the
direction of plate motion. We can reconstruct the initial shape and location of ridge
segments and fracture zones using magnetic anomaly isochrons and plate motions. By
comparing the initial, undeformed fracture zones to the equivalent present-day features,
we can estimate the location and amount of deformation that has occurred in the plate
between the time of their formation and today. To perform reconstructions, we use the
AUS:PAC Euler finite poles for the past ~40Myr calculated by Keller (2004) and Cande
and Stock (2004), and determine stage poles (Pacific Plate fixed) to define plate motions
(figure 5.1b).
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Keller (2004) produced a detailed Late Eocene – Early Oligocene (~40-30Ma; magnetic
chrons 18o-15o and 13o-11o) plate reconstruction of the AUS:PAC plate boundary
across the MRC, using updated fracture zone locations and an improved suite of magnetic
anomaly observations identified through analysis of high resolution shipboard data
(multibeam bathymetry, magnetic, gravity, and seismic data; Keller, 2004). To
reconstruct the ridge and Macquarie Block at times between 30Ma and the present-day,
we use Euler finite poles calculated in a regional reconstruction analysis of the AustraliaPacific-Antarctica Plates (Cande and Stock, 2004) at magnetic chrons 8o, 6o, 5o, 3Ay
and 2Ay, spanning ~26.5-2.5Ma, and the ridge position at 30Ma (chron11o) as given by
Keller (2004). At each magnetic chron, it is necessary to make minor adjustments to the
ridge crest position and shape in order to honor the assumptions of plate motions: that
ridges form perpendicular, and fracture zones form parallel to plate motions. These
adjustments are minimized such that synthetic ridges follow the shape of the constraining
magnetic isochrons as closely as possible. Once the ridge has been reconstructed, we
trace associated fracture zone locations to match ridge offsets and conjugate fractures on
the adjacent plate.

Figure 5.6 shows a ~26.5 (chron 8o) and a ~20Ma (chron 6o) reconstruction of the
Macquarie Ridge Spreading Center using these Euler finite pole locations, holding the
Pacific Plate fixed. By 20Ma, nearly all the crust that exists today has been created along
the plate boundary, indicating that only small amounts of spreading persisted past this
time and thus the fracture zones constrained from this reconstruction (thick black dashed
lines, figure 5.6b) are a reasonable representation of the undeformed shape of these
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features. These restored 20Ma fracture zones are parallel to the plate motion, at the time
of this reconstruction. Present-day (observed) fracture zones reconstructed to 20Ma are
not parallel with plate motions at this time, are not orthogonal to the ridge, nor do they
match conjugate fractures across the ridge (figure 5.6). Furthermore, these two
reconstructions show that up until chron8o plate motions were almost entirely divergent
and thus fracture zones likely formed in a relatively simple plate boundary structure,
perpendicular to the reconstructed ridge. Only between chrons 8o-6o did the transition to
translational motion begin, constraining significant ridge rotations to crust younger than
~26.5Ma and indicating that ridge rotation and shortening does not account for the
curvature seen in the fracture zones that occupy crust older than chron8o.

To reconstruct plate boundary positions between 26.5-11Ma (chrons 8o and 5o), we
calculate stage poles that describe the plate motions during specific time intervals (figure
5.1b, figure 5.7), and reconstruct the boundary in 1Ma increments. Since 26.5Ma, our
reconstructions show a translational component to plate motions as the plate boundary
transitions (quite rapidly) from a spreading center to a transform structure. It is also very
important to note that, while in reality plates move in a uniform and continuous manner,
plate tectonic reconstructions sample these motions at finite intervals given by ages of
magnetic anomalies. For example, in the case of the AUS:PAC plate boundary
reconstructions show plate motions prior to 26.5Ma are almost entirely divergent, while
reconstructions six million years later at chron 6o include large amounts of translation.
Using stage poles to reconstruct plate boundary positions between these two times results
in an equal partitioning of the total chrons 8o-6o divergent and translational motions over
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the whole time period, whereas in reality it is very possible that this transition may have
occurred more rapidly. Figure 5.7 shows the changes in plate motions over the time
interval of interest in this study and demonstrates that the major transition between
divergence and translation occurred between chrons 8o-5o, and particularly between
chrons 8o-6o.

Using the chron 6o Euler finite pole (Cande and Stock, 2004), we project the 20Ma ridge
and fracture zones to their equivalent present-day position and compare these
reconstructions to the modern plate boundary and fractures, as shown in figure 5.8. All of
the Australian Plate except the crust directly adjacent to the current plate boundary is
accounted for by the 20Ma isochron. Comparing the restored 20Ma fracture zones
(dashed red lines between 30Ma and 20Ma isochrons) to the present-day fracture zones
(black lines) shows that, on the Australia side of the plate boundary, current positions are
deflected significantly to the south with respect to the restored 20Ma fracture zones,
while on the Pacific side of the boundary they have been deflected north. The majority of
this deflection is concentrated between the 30Ma and 26.5Ma isochrons - between chrons
8o-6o the restored 20Ma fracture zones are sub-parallel to their present-day equivalents.
The area of deformation defined by these comparisons is highlighted in gray on figure
5.8. We do not address shear closer to the plate boundary than the 20Ma isochron for two
reasons. First, our reconstructions have not accounted for this crust (i.e. it was created
between 20Ma and the present), and thus reconstructed fracture zone locations in this part
of the crust are uncertain, and secondly because we expect there to be a concentrated area
of shear here associated with translational motion on the modern MRC, unrelated to the
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isochrons, respectively. Major
tectonic features are labeled.
AUS:PAC Nuvel 1A plate motions
(DeMets, 1994) are shown by the
gray arrows.
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deformation in the interior of the plate. We also do not include Pacific fracture zones 8
and 9 (figure 5.8) in this analysis. Reconstructions at 30Ma (figure 5.2), 26.5Ma and
20Ma (figure 5.6) indicate significant mismatch with their conjugate Australian fracture
zones across the ridge, implying either (i) these fracture zones have been misidentified, or
(ii) southward propagating translation had already reached this northerly location at this
time, and/or (iii) assumptions of relatively rigid plate motion behavior that we have made
in our reconstructions are not met in that region. Explanation (ii) is unlikely as Pacific
fractures are misaligned to the north (implying left-lateral motion), rather than to the
south. Figure 5.6b shows that, at 20Ma, significant ridge rotation had occurred at the
northern section of the plate boundary in comparison to the south. Such rotations would
hinder the formation of single dominant fracture zones at the edges of the ridge segment,
favoring more broadly distributed deformation. In these cases, evidence for fracture
zones today may be difficult to trace, leading to potential misidentifications. Whatever
the cause of the mismatch in these fracture zones when reconstructed, the uncertainty
created in defining true fracture locations and subsequent deformation makes them
unsuitable for this analysis.

Our results in figure 5.8 identify a broad region of deformation bounded by the 30Ma
and 20Ma isochrons that reflects the deformation of fracture zones in both the Australian
and Pacific Plates, evinced in the present-day tectonic regime by these fracture zones
becoming closer together, and increasingly asymptotic to the plate boundary as they
approach the MRC. Deformation in the Pacific Plate is perhaps not unexpected; the
Pacific is the upper plate along the length of this boundary, and convergence between the
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two plates across the Hjort Trench directly south of our study area (latitudes -56°- -60°,
figure 5.1; e.g. Cande and Stock, 2004) will likely cause deformation internally in the
Pacific Plate in a similar manner to upper plate deformation in the forearc at subduction
zones worldwide. The Macquarie Block of the Australian Plate, however, is the lower
plate in this system, and as such it is unusual to see significant amounts of deformation
within a plate that is about to be subducted. Their opposing roles in the plate boundary
system also mean that we expect the driving mechanism for any internal deformation to
be different, except for that deformation directly associated with translational shear along
the MRC (addressed in the next section). For these reasons, we specifically focus on the
Australian Plate in subsequent discussions in an attempt to determine the causes of this
deformation and its relationship with present-day intraplate seismicity.

5.5 DISCUSSION & CONCLUSIONS
This work has analyzed two different observations of deformation in the Australian Plate:
i)

Earthquake relocation analysis confirms high levels of seismicity internal to
the Macquarie Block, approximately limited to an area within ~150km of the
MRC, including possible activity on relic fracture zones formed during the
sea-floor spreading phase of this plate boundary.

ii)

Plate reconstructions through the transitional period of plate divergence to
translation identifies the original shape of these fracture zones; comparing
these reconstructed features to their present-day equivalents identifies a region
of deformation within ~150km of the MRC.
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Figure 5.9: Deformation zone estimated from Macquarie Block fracture zone reconstructions
(gray shaded region outlined with black dashed line). Original areas of deformation (figure 5.8)
inferred from fracture zone reconstructions (red dashed lines) are also shown. This zone of
deformation is overlain with relocated intra- and inter-plate seismicity (green circles overlain with
Global CMT solutions where available). Fracture zones are shown in black, labeled according to
Keller (2004). AUS:PAC Nuvel 1A plate motion (DeMets, 1994) is shown by the gray arrow.
Unrelocated seismicity outside of the Macquarie Block is shown with light gray circles, sized
with magnitude.
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In figure 5.9, we compare the broad region of shear identified from plate reconstructions
(figure 5.8) with relocated seismicity of the region (figure 5.3). These two independent
measures of deformation coincide in location and extent, suggesting that the deformation
evident in the fracture zones today has occurred since translation motion along the MRC
began at 20Ma, and continues at present as expressed by high levels of inter- and intraplate seismicity.

A key question becomes what drives such deformation? It is possible that the
deformation is merely an expression of shear along the transform boundary, and
represents the width of the deformation zone associated with the MRC. This seems
unlikely however; 150km is very wide for a half-width of a plate boundary shear zone.
Most large transform systems seem to have much narrower zones of associated shear
(e.g. Furlong, 2007), and in both continental (e.g Waldhauser and Ellsworth, 2000) and
oceanic (e.g. VanDeMark, 2006) settings, earthquake relocations have shown seismicity
collapses to very narrow zones centered on the transform structure. This suggests that the
broad distribution of earthquakes observed in the Macquarie Block is not purely a
manifestation of plate boundary shear. Massell et al. (2000) identified the fault zone
associated with the modern plate boundary along the MRC at just 5-10km wide,
accompanied by a zone of less intense deformation ~50km either side of the ridge,
implying deformation external to this zone - at least a further 100km as identified by this
analysis - is derived from an alternative source.

Cande and Stock (2004) analyzed Australia:Antarctic finite motions to constrain the
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history of the area of what they labeled the Macquarie Plate, that part of the Australian
Plate adjacent to the AUS:PAC plate boundary south of about -52° latitude. They are able
to show through fracture zone misfits in reconstructions that the Macquarie Plate has
moved independently of the Australian Plate since approximately 6Ma because of the
onset of subduction of young and buoyant oceanic crust at the Hjort Trench (Cande and
Stock, 2004), and that the motion of this plate relative to Australia is manifest in a broad
zone of deformation and intraplate seismicity in the South Tasman Sea.

Although the Macquarie Plate analyzed by Cande and Stock (2004) is not the same area
of the Australian Plate that we call the Macquarie Block here (the Macquarie Block is
north and east of the Macquarie Plate, adjacent to the same plate boundary), it is possible
that the source of deformation in the Macquarie Block originates from an analogous
mechanism. At a similar time to the onset of dominant translation along the Macquarie
Ridge (~20Ma, figures 5.6, 5.7), subduction initiated at the Puysegur Trench (Lebrun et
al, 2003). Magnetic anomalies (figure 5.8) show that the age of oceanic crust subducting
along the Puysegur Trench ranges east-west from ~20-40Ma today, such that at the time
of initiation very young (and therefore buoyant) crust was being underthrust beneath New
Zealand. The modern Benioff Zone here (e.g. Reyners et al., 2002) indicates that the
subducted plate has been significantly deformed since that time, bent over and steeply
dipping at its northern end (e.g. Malservisi et al., 2003) where it may abut the Pacific
Plate lithospheric root to the Southern Alps of New Zealand (e.g. Stern et al., 2000).

We suggest here that deformation internal to the subducting Australian Plate is ultimately
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a consequence of a resistance to subduction of the corner of the Australian plate beneath
southwest New Zealand, arising from one of two possible causes: (i) the impingement of
the subducting Australian Plate on the thickened lithosphere of New Zealand, or (ii)
locking of the shallow, large surface area, low-angle subduction interface. Thickened
New Zealand lithosphere could act as a buttress that drives the rapid bending of the slab
beneath Fiordland, and could also transfer stresses southwards through the Australian
Plate to the area we have called the Macquarie Block. Similarly, between the Puysegur
Trench and Fiordland (200-300km), the subducting Australian slab dips very shallowly,
creating a large low-angle thrust interface. The paucity of large plate boundary
earthquakes on this interface implies that it is partially or completely locked, and could
thus act as a resistance to subduction, transferring stresses southwards to the Macquarie
Block. Here, the relic fracture zones formed during the period of AUS:PAC sea-floor
spreading in the Cenozoic provide pre-existing zones of weakness that possibly enable
intraplate seismic slip. It has been argued that after the 5/23/1989 earthquake, nearly half
of the event aftershocks occurred on one of these fracture zones (Das, 1992), oblique to
the rupture plane and in an opposite sense of motion to the mainshock, possibly a
triggered response to that event. On 12/23/2004, a M8.1 earthquake occurred within this
deformed Macquarie Block fracture zone system, almost 150km west of the plate
boundary, either on a NW-SE oriented fracture (as aftershock distributions suggest) or
alternatively on a NE-SW oriented bathymetric feature. While the 1989 event indicated
that these fracture zones may be primed for slip, the latter event demonstrated that the
deformation internal to the Macquarie Block is substantial enough to support a great
earthquake independent of any triggering. Significant amounts of deformation and
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seismicity internal to a subducting plate can also be found in the Gorda Slab (Wilson,
1986; Wilson, 1989; Wang et al., 1997), the southern part of the Juan de Fuca Plate
subducting beneath North America, suggesting that such mechanisms of stress transfer
and subduction resistance are not unique to the AUS:PAC plate boundary and may be
associated with the subduction of young and buoyant oceanic lithosphere. In the
Macquarie Block, if the resistance forces responsible for this deformation continue, we
speculate that over time prolonged motion along the Macquarie Block fractures may lead
to a southward jump of the subduction zone and a capturing of the Macquarie Block onto
the Pacific Plate (figures 5.10, 5.11).

Such a southward jump in the plate boundary system may also relate to tectonic models
that have proposed a propagating tear in the Australian Plate from the southern end of the
Alpine Fault System, at the transition between subduction and transform faulting (e.g.
Malservisi et al, 2003; Lebrun et al., 2003). Oblique convergence between Australia and
the Pacific across the Puysegur Trench suggests that, as the subducting plate travels
northwards and sinks beneath New Zealand, it is decoupled from that part of the plate
that translates past the Pacific along the Alpine Fault in order to satisfy both plate
trajectories. This decoupling may be manifest as a tear in the Australian Plate at the
southern extension of the Alpine Fault; a tear that propagates southwards as the
Australian Plate moves north. Such a tear is consistent with numerical modeling of plate
boundary forces, and is required to match the high gravity and topography observed in
Fiordland, directly above the subducting plate (Malservisi et al., 2003). Large plate
boundary earthquakes that have occurred in the region of this transition also lend support
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to such a model, indicating potential slip on steep westerly dipping fault planes aligning
with the inferred tear (Malservisi et al., 2003). In figure 5.11, we use the surface wave
earthquake location algorithm used in section 5.2 (Ammon, 2004) to relocate these large
(Mw5+ - Mw7.2) Fiordland earthquakes and assess the possibility of such a tear.
Relocations show an east-west distribution to the events about the plate boundary, which
implies that not all of these earthquakes could have occurred on the subducting interface
between the Australian and Pacific Plates, as has been suggested by others (e.g. Reyners
et al., 2002; McGinty and Robinson, 2007).

The observed distributions in seismicity and fracture zone deflections inferred from plate
reconstructions imply a finite width to the area of lithosphere undergoing deformation
(shaded zone in figure 5.10). This region correlates well with the lateral extent of the
Puysegur subduction zone, and is therefore consistent with the idea that subduction
resistance drives the deformation. The westward limit to deformation may align with a
tear in the Australian Plate at the southern end of the Alpine Fault, as indicated in our
schematic representation of the Macquarie Block System (figure 5.11). Further west of
this transition, the equivalent fracture zones remain undeformed and the Australian Plate
translates relatively unimpeded past the Pacific Plate along the Alpine Fault. This
transition (and/or tear) thus separates two distinctly different parts of the Australian Plate.

In conclusion, an analysis of regional seismicity and plate boundary reconstructions
provide two independent observations of deformation internal to the Macquarie Block of
the Australian Plate. These observations coincide spatially and suggest a common source

191
to the deformation, accumulated since the transition of plate motions from divergence to
translation at approximately 20Ma, and continuing today as evinced by high levels of
intra- and inter-plate seismicity. A model of subduction resistance at the Puysegur
Trench, stress transfer within the Australian Plate to the Macquarie Block and eventual
southward propagation of the AUS:PAC plate boundary and capture of the Macquarie
Block onto the Pacific Plate conceptually matches our observations and provides a
framework within which past and future plate motions along this plate interface can be
assessed.
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Chapter 6
Integrating Seismological and Tectonic Studies to Constrain Lithospheric Evolution
at Complex Plate Boundaries – Discussion & Summary

6.1 DISCUSSION
Several of the chapters of this thesis address aspects of lithospheric evolution associated
with the passage of the Mendocino triple junction (MTJ) through northern California.
Here, I bring together these studies and address their relations to one another and broader
aspects of MTJ migration processes, and to the Mendocino Crustal Conveyor (MCC) that
broadly describes MTJ-related evolution. First, I summarize the key observations:

i)

A transition from 35km thick crust in the northern Coast Ranges near Round
Valley to thin (<20km) crust near Clear Lake, coincident with dipping Moho
beneath Redwood Valley, but not to the north (Covelo Valley) or south
(Ukiah Valley). [Chapter 2]

ii)

High Poisson’s Ratios (>0.30) beneath Redwood and Ukiah Valleys (FREY
and HOPS seismic stations), isolated to the lower crust, indicative of possible
layers of partial melt in the lower crust beneath these stations. [Chapter 2]

iii)

Uniform thickness of upper crust through the Coast Ranges; major thinning
isolated to the lower crust. [Chapter 2]

iv)

Vertical shear zones in tomography datasets correlate with the Ma’acama,
Rodger’s Creek and Bartlett Springs Faults. [Appendix E]
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v)

Horizontal shear zones identified in the same analysis between the Ma’acama
and Bartlett Fault Systems suggest a decoupling of the shallow and deeper
crust. [Appendix E]

vi)

A shallow, migrating sequence of earthquakes occurring over a six month
period in the year 2000, in an area with no apparent surface faulting between
the Ma’acama and Bartlett Springs Faults east of Redwood Valley, is
consistent with triggering by dike injections to a depth of ~10km. [Chapter 4]

The spatial coincidence of these observations leads me to argue that they are all
associated with the same overriding process of triple junction migration. The localized
crustal thinning (observation (i)) and location of vertical shear zones coincident with
major crustal faults (observation (iv)) suggest that the deformation processes associated
with triple junction migration are restricted to a narrow corridor of crust through the
Central Coast Ranges between the Ma’acama and Bartlett Springs Fault Systems. As
these faults have developed, they have progressively decoupled crust involved in the
MCC from surrounding crust that does not show the effects of the thickening and
thinning process (Hayes et al., 2006; Hayes and Furlong, 2007).

Observation (ii) identifies lower crustal melts in the same area, likely generated by
melting caused by the upwelling of hot asthenosphere beneath North American Crust
after removal of the subducting slab to the north, and concurrent rapid crustal thinning.
These layers of melt were also seen in seismic reflection studies conducted in the same
area (Levander et al., 1998). Observation (vi) links these lower crustal melts to dike
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injections in the shallow crust, driving a migrating sequence of seismicity over a 6 month
period in 2000. In Chapter 4, I suggest these processes link the development of lower
crustal melts with surface Cenozoic volcanism (described by Johnson and O’Neil, 1984;
Dickinson, 1997; and Whitlock, 2002) that also follows in the wake of the migrating
triple junction, becoming progressively younger to the north in California. This
observation provides the first evidence for a direct link between volcanism in California
and the lower crustal melting following the passage of the triple junction, and provides a
testable hypothesis for how future volcanism may develop in this area, through continued
episodes of dike injection and seismic activity.

Finally, observations (iii) and (v) identify horizontal shear zones in the same crustal block
(also bound the east and west by the Ma’acama and Bartlett Springs Fault Systems) that
imply a decoupling of the shallow crust from the rest of the MCC deformation system.
Interestingly, the depth of this shear zone is approximately coincident with both the base
of seismicity in the crust of northern California, and with the proposed injection depth of
the dikes in Chapter 4 that triggers migrating seismicity in the overlying upper crust. This
correspondence could indicate a fundamental transition in crustal structure and/or
properties at this depth; such a detachment surface could thus act as a barrier to vertical
migration of crustal melts in an evolving volcanic system. The existence of similar
detachment surfaces in the crust of the Bay Area south of the Coast Ranges (Brocher et
al., 1994; i.e. in older parts of the MCC) suggests that this interface may be a pervasive
feature of the MTJ system. This detachment surface would also create a masking affect
on the deformation signal of the MCC at the surface from GPS studies, where velocities

198
would instead reflect ’background’ plate motions - another testable hypothesis for future
studies of the effects of Mendocino triple junction migration.

6.2 SUMMARY
The work in this thesis implements, integrates and develops a variety of different
seismological approaches to answer fundamental questions concerning how two complex
plate boundaries develop – the MTJ in northern California and the Macquarie RidgePuysegur Trench, Australia: Pacific plate boundary in the southwest Pacific. In doing so I
believe I have advanced existing general models to focus on their specific manifestations
in and on the lithosphere they describe.

In northern California, I have identified the localization of crustal thinning associated
with the passage of the triple junction (Chapter 2) as described by the MCC model, I have
shown evidence for melting of the lower crust in the same area (Chapter 2), and have
linked this melting to a migrating sequence of earthquakes in the overlying shallow crust
(Chapter 4). I have also described the passive role of the shallow crust in triple-junction
related processes by identifying horizontal detachment surfaces in the crust that isolate
the relatively uniform upper crust from the thickening and thinning occurring in the mid
and lower crust below (Appendix E). These features highlight stages of evolutionary
processes occurring in the crust of northern California; this work helps describe exactly
how we expect the crust to evolve with time in the wake of triple junction migration.
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In analyzing these problems in northern California, I have faced resolution issues arising
from limited data sets. In response to these issues, I have developed existing
methodology in receiver function analysis (Chapter 2) that images not just the average
crust beneath a seismic station, but how that crust changes with azimuth in the area
sampled around the station, providing a three-dimensional framework for our
interpretations and a higher resolution image of how rapidly crustal structure can vary
over small distances. In conjunction with this advance, I have introduced (Chapter 2) and
developed in detail (Chapter 3) a method to calculate the velocity ratio of the upper crust
using P- and S-wave travel times from local seismicity recorded at dense local
seismometer networks. In chapter 2, this method allows us to isolate changes in Poisson’s
Ratio identified in our receiver function analysis into upper and lower crustal
components, and thus better image the crustal response to triple junction migration. In
Chapter 3, I highlight the application of this method to other areas of seismology,
including earthquake location and seismic hazard studies. The development of these
methods provides useful new techniques for future analyses of similar problems. Equally
important, I believe the benefits of their use in this work highlights the importance of the
continual expansion of the seismological toolbox, in essence evolving how we execute
our science as we address increasingly challenging seismological and tectonic questions.

To expand my work into a global study, I have also analyzed the Australia (AUS): Pacific
(PAC) plate boundary in New Zealand, which has encountered similar recent and rapid
tectonic evolution as is seen in northern California. Specifically, I have analyzed the
deformational response of the oceanic crust of the Macquarie Block (part of the
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Australian Plate) to plate boundary reorientations over the past ~30Ma (Chapter 5). I
have used two independent observations of this deformation: present-day earthquake
distributions and the relocation of abundant intra- and inter-plate seismicity, and plate
reconstructions that help isolate fracture zone deformation from changes in alignment of
those fractures resulting from the reorganization of plate boundary orientations through
time. Each analysis identifies a broad (~150km wide) deformation zone in the Macquarie
Block that suggests internal strain has built up over the past ~20Myr, and continues to be
expressed in the oceanic crust today. The relationship between present-day seismicity
distributions and the accumulation of deformation through geological time implies that
the deformation is a direct response to changing plate motions and subduction of the
Australian Plate further north at the Puysegur Trench, and thus allows us to suggest how
continued evolution will be manifest in the future, through a southward migration of the
AUS:PAC plate boundary interface and the capture of the Macquarie Block onto the
Pacific Plate. This work thus provides insight into the evolutionary nature of the
AUS:PAC plate boundary and demonstrates how the integration of several analysis
techniques help to better constrain complex plate boundary problems, a key theme of this
thesis.
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Appendix A
H: Analysis – Receiver Function Stack Algorithm
The stacking algorithm of Zhu and Kanamori (2000) uses the delay times of these phases
(tPs, tPpPs, tPsPs, tPpSs) after the P arrival and average crustal velocities (Vp and Vs), solving
for crustal thickness using,

H=

H=

H=

t Ps
1
1
2
2
2  p 
2  p
Vp
Vs
t PpPs
1
1
2
2
2  p +
2  p
Vp
Vs

t PsPs+PpSs
1
2
2
2  p
Vs

(A1)

(A2)

(A3)

where p is the ray parameter. In this way, we can use information from all phases to solve
for crustal thickness H and velocity ratio  with a simple stack given by,

s( H, ) = w1r( t1 ) + w 2 r( t 2 )  w 3 r( t 3 )

(A4)

where r(t) is the radial receiver function, t1,t2 and t3 are the arrival times of the three
phases of interest corresponding to a crustal thickness of H and velocity ratio  from
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equations (A1)-(A3). Each wi describes a weighting factor for that phase, and  wi = 1
(Zhu and Kanamori, 2000). With such a stack, s(H, ) tends to a maximum value when
all phases coincide at the best combination of parameters H and , thereby solving for
crustal thickness and velocity ratio and producing an amplitude map for the whole range
of H and . In Chapter 2 of this thesis (Hayes and Furlong, 2007), I have modified the
method by solving for Poisson’s Ratio  rather than  using,

1

2  2  2
 =
 2 1 

(A5)

and by ray tracing (following the approach of Langston, 1977) through a planar dipping
layer to compute time delays expected for each event due to the angle at which it
approaches the structure. This accounts for both the effects of variations in ray parameter
and interface dip. These delays are subsequently added to conversion arrival times in
equations (A1)-(A3). I vary H,  and dip,  (strike remains constant at 310°, constrained
by transverse receiver functions) to find the highest absolute amplitude s(H,,) and
therefore the best-fitting model for that station. In this way I use the whole data set to
compute a more accurate model of crustal structure at each seismic station in the northern
California Coast Ranges.
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Appendix B
Synthetic Tests of H:: Receiver Function Stack Algorithm
To test the reliability of the H: : stack algorithm, several models were run with
synthetic data sets using receiver functions generated with RAY3D (Owens, 1984), a
three-dimensional receiver function modeling package that uses ray-tracing based on
Langston (1977). A series of tests were run using a simple one-layer model and dipping
Moho. In addition, several more complex models involving internally layered crusts,
variable ray parameters and dipping Moho were also analyzed. Input parameters and
H: : results are summarized in table B.1; amplitude maps are shown in figure B.1.

Model
RunSim1
RunSim2
RunSim4

Model Description

Input Parameters
H: : Algorithm Results


Dip
Dip H (km)
H(km)
0°
0.250 0°
19.8
0.260
20.0
5°
0.280 8°
29.4
0.285
30.0

Ray Parameter,
p = 5.5 s/km, back
azimuthal coverage
every 5° from 0°6°
0.280 10°
29.4
0.280
30.0
355°.
RunCom3
Range of Ray
Parameter from 4.58.9 s/km, back
4°
0.280 8°
29.8
0.280
30.0
azimuthal coverage
every 5° from 0°355°.
RunCom3b As above with back
azimuthal coverage
3°
0.280 8°
29.4
0.285
30.0
o match FREY data
set.
Table B.1: Results from tests of the H: : stack algorithm run with synthetic data sets
generated using RAY3D (Owens, 1984). In each case, parameters used to generate the
synthetic data set are compared to the output from the H: : stack.
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Results show that both crustal thickness and Poisson’s Ratio are recovered well, to within
T±0.6km and ±0.01, even with incomplete back azimuthal coverage (RunCom3b), such
as is the case at all northern California stations. In all cases, dip is underestimated by the
H:: stack, by up to 5° when back azimuthal coverage is incomplete. That dip is
consistently underestimated, however, suggests that results for Moho dip serve as a
minimum estimate to the true dip of the Moho at that location. H vs. dip plots in figure
B.1 also show that crustal thickness is relatively insensitive to dips of less than 10°, after
which amplitudes drop dramatically. This suggests that shallowly dipping structures may
involve more uncertainty in dip recovered by the H: : stack. All tests run using a
horizontal Moho (e.g. RUNsim1) recovered 0° dip. It is important to note that synthetic
models with internal layering demonstrated very good recovery of the true crustal
thickness and Poisson’s Ratio, as these cases are most similar to true structure.

To test the sensitivity of results to absolute crustal velocity Vp (input to the algorithm) I
ran tests over a range of Vp for these synthetic models and for observed data at each
station. In general changes in Vp are absorbed by a change in crustal thickness rather than
Poisson’s Ratio; an uncertainty in Vp of ±0.5km/s results in uncertainties in crustal
thickness, Poisson’s Ratio and Moho dip of within H±3.5km,  ±0.005, and ±5°. These
errors decrease for shallower horizons, and conversely increase for deeper horizons. An
independent measurement of the average crustal P-velocity (for example from seismic
refraction/ reflection profiles) would be beneficial to further increase the accuracy of this
algorithm, particularly in cases where the crust is thick (>25km).
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Finally, I generated a series of synthetic tests to recreate the multiple maxima seen in the
H:: stacks at CVLO and CVS. I produced receiver functions based on a simple model
with a 5-10km thick layer at the base of the crust, and a horizontal Moho. Results (table
B.2, figure B.2) show that most amplitude maxima result from the stacking of
conversions from each individual layer, producing maxima at the H:  combination close
to the actual model solution. More error is apparent in shallower horizons because of
errors in the velocity model used; for shallower horizons, lower velocities that those used
to locate the Moho would be more appropriate.

H: : Algorithm Results
Model
Relative


H(km)
H(km)
Amplitude
25 (6.0 km/s)
0.28
25.0
0.285
93%
RunCom6
0.270
100%
30 (7.0 km/s)
0.28
29.8
25 (6.0 km/s)
0.28
25.0
0.285
100%
RunCom7
0.255
72%
30 (7.0 km/s)
0.25
30.0
25 (6.0 km/s)
0.28
25.0
0.270
100%
RunCom8
29.2
0.310
21%
35 (7.0 km/s)
0.25
0.255
76%
34.6
25 (6.0 km/s)
0.28
24.8
0.290
100%
RunCom9
0.280
67%
32.5 (7.0 km/s)
0.25
31.0
25 (6.0 km/s)
0.25
22.4
0.335
50%
RunCom10
24.6
0.275
50%
32.5 (7.0 km/s)
0.28
0.260
100%
31.2
Table B.2: Results from tests of the H: : stack algorithm to reproduce multiple
amplitude maxima, run with synthetic data sets generated using RAY3D (Owens, 1984).
For each model the input parameters are compared to the results of the stack. The
amplitude of each maximum is shown as a percentage relative to the highest. The
Poisson’s ratio of the lower crustal layer was varied from Run6 to Run7 to shift the
amplitude maxima in subsequent models to the shallower horizon, rather than the Moho.
This change increases the impedance contrast across the lower crustal horizon to be
greater than that across the Moho.
Input Parameters
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Results also suggest additional amplitude maxima may be created from some mixing of
conversions from the two layers, such as the primary Ps conversion from a lower crustal
horizon and the multiple conversions from the Moho. Such a combination produces
amplitude maxima with an elevated Poisson’s Ratio, as seen in figure B.2. One persistent
feature of these synthetic models needed to recreate such an artificial maximum is the
broad Ps converted phase in the receiver functions, a result of two Ps conversions from
interfaces with small depth offsets arriving at similar times. This implies that such
features in my observed receiver functions arise from interfaces in the crust with small
depth separations: for example, a thin (~5-10km) magmatic underplate at the base of the
crust. Further features of these synthetic models are discussed in more detail in section 5
of Chapter 2 (Hayes and Furlong, 2007) of this thesis.

The results of both the synthetic and sensitivity tests imply that I can recover the correct
combination of H,  and  to within at least H±3.5km,  ±0.025 and ±5°. These errors
result from Earth model complexity and limited data sets; in cases of either simpler crust
or more complete data sets (azimuthally), errors will be reduced. In cases where
recovered dip is ambiguous, or there are multiple maxima over the range of dip in the
H: : stack, we can use a visual comparison between receiver functions and the arrival
times of each phase as predicted by the stacking algorithm to see how well data are
matched.
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Appendix C
Numerical Modeling of the Local Velocity Ratio Calculation Used in Receiver
Function Analysis
To approximate the velocity ratio of the upper crust in northern California in Chapter 2 of
this thesis (Hayes and Furlong, 2007), I extract P- and S-wave travel-times for all
recorded earthquakes between 1990 and the present at all stations from the earthquake
catalog, freely available from the Northern California Earthquake Data Center (NCEDC).
For each station, I plot pairs of travel-times for each event, tp vs ts. The slope of the bestfitting line through the data represents the apparent velocity ratio for that portion of the
crust, based on the assumptions that (i) the P- and S-waves have similar ray-paths from
the event to the station, and (ii) picked arrivals are direct P- and S-waves. Velocity ratios
are calculated using a least squares approach, minimizing the square of the misfit
between the best-fitting solution and the data.

This approach, called the local velocity ratio calculation (LVRC), is used to help
constrain and validate the bulk-crustal estimates obtained through receiver function
analysis. I constrain this least squares solution to pass through the zero y-intercept (i.e.
tp=0 when ts=0), as opposed to allowing that intercept to be unconstrained and potentially
give a better fit to the data. Here I describe results of numerical modeling conducted to
quantitatively assess the affects of this constraint.
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To produce a synthetic travel-time data set representative of a suite of earthquakes in the
crust beneath a seismometer, I trace direct raypaths through a 60x12km one-dimensional,
two-layer homogenous model from a randomly distributed set of points to a station in the
center of the model at the surface. The shallow crust (upper 2km) represents high velocity
ratio surficial layers often found in northern California (Brocher, 2005). The seismogenic
zone extends to a depth of 12km, representative of the seismogenic zone depth in
northern California. As most well developed faults do not produce earthquakes in the
shallow crust (e.g. Marone and Scholz, 1988), I do not populate the upper 2km with
seismicity. See the inset of figure C.1 for a sketch of the model.

Figure C.1a illustrates the results of this modeling on a tp vs ts plot similar to those in
figure 2.11 of Chapter 2 (Hayes and Furlong, 2007). Velocity ratio is calculated via two
least squares fits to the data; the first constraining the y-intercept as zero, and the second
leaving this intercept unconstrained. The actual velocity ratio of the model is calculated
via averaging P- and S-wave slownesses over the model space, and is displayed on this
figure (Vp/Vsreal = 1.91, Poisson’s Ratio, = 0.31). The constrained least squares
approach gives a velocity ratio of 1.87 (=0.30), while the unconstrained approach yields
a value of 1.74 (=0.25). The constrained approach therefore produces a velocity ratio
most representative of the bulk upper crust, while the unconstrained method gives a
solution close to the velocity ratio of the seismogenic layer. Note that the Poisson’s Ratio
for the constrained approach of =0.30 is almost identical to that for the actual model
(=0.31), and is indistinguishable at the level of uncertainty in actual data (Appendix B).
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Figure C.1: Numerical modeling of local velocity ratio calculations. Models trace direct rays through a
two-layer, 60x12km space to a single station at the surface (0km). The seismogenic zone is represented
by a randomly-distributed population of earthquakes in the 2-12km depth range. (a) A synthetic singlestation plot of earthquake travel-times, tp vs. ts, used to calculate the velocity ratio. Synthetic travel-times
are shown by gray diamonds. The plot is overlain with contours for velocity ratios ranging from 1.6 < Vp/
Vs < 2.1 (km/s) in 0.1km/s intervals (light blue), and the average velocity ratio for the model (bold black).
The predicted velocity ratio, calculated by minimizing the sum of the squared misfit between data and
prediction, is shown for two approaches: with a constrained data fit through the zero-intercept (as used for
standard LVRC approach, Figure 2.11) and also with an unconstrained y-intercept. The corresponding
Poisson’s Ratio and a statistical measure of misfit is shown for each. (b) Shows the same synthetic model
with a population of earthquakes up to the surface (0km) to demonstrate the contributions to the real
average velocity ratio, appearing as a direct and secondary arrival. If the seismogenic layer extended to
the surface, the layered components of the LVRC could be broken down in a similar way to refraction
seismology theory.
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An explanation for the differences between the two approaches is summarized in figure
C.1b. Because the seismogenic zone does not extend all the way to the surface for most
faults, high velocity ratio shallow layers are not generally populated with earthquakes.
This means that raypaths from deeper earthquakes spend most of their time in layers with
lower velocity ratios, and all spend a comparable amount of time in shallow high velocity
ratio layers; hence their travel-times to the station at the surface more closely represent
the velocity ratio of deeper layers. If the shallow layer were populated with earthquakes
(as in figure C.1b), then the travel-times of those events would be representative of the
shallow, high velocity ratio layer. This would produce a tp vs ts plot with two travel-time
branches, one direct branch from earthquakes in the shallow layer and a second branch
from deeper events. If the visualization in figure C.1b mirrored reality, then we could
use this distribution to solve for the velocity ratio of each layer. However, because there
are generally few or no earthquakes in the shallow layer, an unconstrained least-squares
fit would only be sampling data originating from earthquakes in the deeper layer and
hence only represent the velocity ratio of that layer. Only by constraining the y-intercept
to be zero can we include the effects of the shallow high velocity ratio layer and thus
better represent the average velocity ratio of the entire upper crust.
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Appendix D
Events Used in Receiver Function Analysis at CVLO, FREY, HOPS and CVS
Year
1998
2000
2000
2000
2000
2000
2000
2000
2001
2001
2001
2001
2001
2001
2001
2001
2001
2001
2001
2002
2002
2002
2002
2002
2002
2002
2002
2002
2002
2002
2002
2002
2002
2002
2003
2003
2003
2003
2003
2004
2004
2004
2004
2004
2004

JD
232
88
133
219
222
278
280
321
9
13
83
145
154
165
174
177
188
233
285
20
87
90
91
108
108
116
145
167
168
169
179
231
285
321
134
146
208
321
361
3
25
100
150
162
181

Lat.
28.93
22.34
-23.55
28.86
18.2
-15.42
35.46
-3.98
-14.93
13.05
34.08
44.27
-29.67
51.16
-16.26
-17.75
-17.54
-36.81
12.69
-10.48
-21.66
24.28
-29.67
16.99
-27.53
13.09
53.81
8.78
-12.59
-30.81
43.75
-21.7
-8.3
47.82
18.27
38.85
47.15
51.15
-22.01
-22.25
-16.83
-13.17
34.25
55.68
10.74

Long.
139.33
143.73
-66.45
139.56
-102.48
166.91
133.13
152.17
167.17
-88.66
132.53
148.4
-178.6
-179.8
-73.6
-71.7
-72.08
-179.57
144.98
160.75
-68.33
122.18
-71.38
-100.86
-70.59
144.62
-161.12
-83.99
166.38
-71.12
130.67
-179.51
-71.74
146.21
-58.6
141.6
139.3
178.65
169.77
169.68
-174.2
167.2
141.41
160
-87.04

Mag
7.1
7.6
7.2
7.4
6.5
7.0
7.4
8.2
7.1
7.8
6.8
6.7
7.2
6.5
8.4
6.7
7.6
7.1
7.3
7.1
6.5
7.4
6.4
6.8
6.7
7.1
6.4
6.4
6.7
6.6
7.3
7.7
6.9
7.3
6.7
7
6.8
7.8
7.3
7.1
6.7
6.5
6.6
6.9
6.3

Back
Az.
297
289
129
297
134
245
306
264
246
121
305
306
226
306
130
129
129
222
281
253
129
304
137
133
135
282
312
120
248
137
314
232
123
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Table D.1: Summary of key characteristics of data used for detailed receiver function
analysis at CVLO, FREY, HOPS, CVS, KCPB and P01C. Table shows all events listed
by back azimuth, showing which events produced receiver functions at each station.
Event location (lat = latitude, long = longitude), size (mag = magnitude), and ray
parameter (p) are also listed.

Appendix E
Integrating Seismological Studies of Crustal Structure – Investigating the Northern
California Coast Ranges to Construct a Regional 3D Strain Model

E.1 INTRODUCTION
The passage of the Mendocino triple junction (MTJ) through northern California over the
past ~8Ma, as described by the Mendocino Crustal Conveyor model (MCC; Furlong and
Govers, 1999; Hayes and Furlong, 2007), has had a profound influence of the crustal
structure of North American lithosphere, the details of which have been discussed in the
receiver function analysis in Chapter 2 (Hayes and Furlong, 2007) of this thesis. These
receiver functions show a rapid thinning of the crust localized to the region surrounding
Willets Valley, near the FREY seismic station. This thinning seems to be restricted to a
narrow corridor of crust between the Ma’acama and Bartlett Springs Faults, and is
accompanied by a Moho dipping steeply towards the northwest. In addition, the receiver
function studies reveal high Poisson’s Ratios in the lower crust that suggest the
accumulation of partial melt associated with upwelling asthenosphere beneath the crust in
response to the triple junction migration. Finally, analysis of the site-specific velocity
models inferred from each stations receiver functions suggest that the upper crust of the
Coast Ranges does not participate substantially in the crustal deformation associated with
MTJ migration - particularly in the crustal thinning stage - implying that there is a
localization of strain in the lower crust.
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These issues – in particular the suggestion of strain localization – may be tested via the
integration of additional seismological data sets with the receiver function analysis. In
this extension to Chapter 2 (Hayes and Furlong, 2007) I make use of a seismic
tomography data set of northern California (Villasenor et al., 1998) to extend horizons
evident in the receiver functions across the entire Coast Ranges. This allows me to assess
the regional changes in thickness of the crust in detail, analyzing not only the bulk
thickening and thinning of the crust, but also where in the crustal column these changes
are occurring. This in turn allows me to produce a three-dimensional strain model of the
crust with which I can improve the resolution and understanding of deformation
processes associated with the northward migration of the MTJ.

E.2 BACKGROUND
Seismic Tomography models provide a three-dimensional view of the velocity structure
of the sampled region (in this case, the crust) that is not available as a direct observation
from other popular seismological techniques. These models are, however inherently
smoothed (because of the sampling of seismic waves through the model space and due to
the wavelength of those waves) such that vertical velocity contrasts associated with
lithological and/or seismological interfaces are not easily resolvable. On the other hand,
Receiver Functions provide a detailed assessment of the interfaces in the crust beneath a
seismic station (provided that an impedance contrast exists), but are limited to the crust
immediately surrounding the observation. In areas where such sampling is sparse and
tectonics complex (e.g. northern California), it is often difficult to correlate horizons
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between these stations and thus fully assess the internal deformation of the crust over
large distances.

Because each method provides resolution to model characteristics the other lacks (with
respect to three-dimensional velocity structure), correlating the two data sets allows me to
combine the advantages and remove the restrictions of both. By mapping interfaces
evident in the receiver functions into the tomography data (by associating them with
velocity contrasts) I can extend models of crustal layering throughout the tomographic
grid and assess hypotheses of crustal thinning and strain localization on a regional basis.

E.3 DATA SETS
The seismic tomography data set used here comes from Villasenor et al. (1998), who
produced a three dimensional P- and S-wave velocity model of the entire North AmericaPacific plate boundary using data from local earthquakes recorded by the Northern and
Southern California Seismic Networks (NCSN and SCSN, respectively). We focus on the
area of the model north of San Francisco Bay to Cape Mendocino in northern California.
Data are inverted for three-dimensional velocity structure and earthquake locations
simultaneously, using a finite-difference method to calculate arrival times in media
containing complex lateral velocity contrasts, and accounting for transmitted, defracted
and head waves (Villasenor et al., 1998). This model was later refined in northern
California to include additional data and improved assessments of grid node resolution
(Villasenor, per. Comm., 2002). This latter model is sampled onto a 10x10 km grid over a
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450km (east-west) x 460km (north-south) area, at 2km depth intervals from -4km (above
sea level) to 60km, thus covering the entire Coast Ranges of interest to this study, to a
depth well below the Moho.

The receiver functions used here come from the forward modeling results from Chapter 2
(Hayes and Furlong, 2007) of this thesis, providing estimates of crustal velocity structure
at five broadband seismic stations across the Coast Ranges (CVLO, KCPB, FREY,
HOPS and CVS, from north to south). See section 2.4.1 for more detail of these data.
Though this forward modeling approach to receiver functions gives only a bulk, or firstorder estimate of structure at each station, features in the models at our stations in
northern California are broadly consistent with results from the more detailed H:: stack
approach subsequently developed in Chapter 2 (Hayes and Furlong, 2007), and so they
can be used to assess the advantages of data integration.

E.4 INTEGRATING DATA SETS
At each seismic station where receiver function estimates are available (figure 2.1)
velocity models estimated from forward modeling approaches are overlain on a onedimensional velocity model extracted from the same location in the tomography model.
Major interfaces (shallow, mid-lower crustal, and deep) in receiver function velocity
models are mapped into the tomography model by correlating horizons with velocity
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contrasts in the tomography whose gradients are large relative to surroundings, using a
vertical velocity gradient estimate calculated at each depth node in the model (figure
E.1a). These are then traced through the tomography model on all east-west and north
south profiles to produce depth-estimates of each horizon over an evenly spaced grid of
data-points (figure E.1b). Finally, I focus the analysis to the area of interest by
resampling data onto a 360x50km grid oriented with its long axis parallel to PAC:NAM
plate motion (~330° NW), the direction in which MTJ processes operate.

This correlation produces depth-to-horizon maps for each layer over the Coast Ranges of
northern California (figure E.2a-c). These maps are converted into strain rates by
assuming straightforward change in length/original length relationships for vertical strain,
and conservation of area assumptions for horizontal strain (figure E.3a). Calculations are
made in the plate motion direction (along profiles in the new grid orientation), as
thickening and thinning are assumed to result from MTJ migration-related processes.

Finally, I convert these strain rates into relative velocities by pinning the northwest end of
the grid and integrating the horizontal strain accumulated between each grid node along
plate-motion oriented profiles (figure E.3b). This produces profiles of point-to-point
velocities that are all relative to the fixed northwest end of the grid. Such velocity grids
enable me to identify the locations of shear zones in this model, arising from localized
variations in relative velocities, in both map view (vertical shear zones) and in crosssection (horizontal shear zones). By combining these data with depth (thickness) maps
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resulting from the first step of this analysis, I can assess the extent and effects of the
deformation processes associated with triple junction migration.

E.5 IMPLICATIONS – STRAIN DISTRIBUTION IN THE NORTHERN CALIFORNIA COAST
RANGES
Analysis of horizon depth maps and relative velocity estimates produced by this analysis
(figure E.2) provide a direct way of assessing which parts of the crust deform in
association with triple junction migration. Shallow crustal thickness (figure E.2a) shows
little variation over the area studied, suggesting this section is only minimally involved in
the MCC. Slightly thicker crust in the center of the grid correlates with the Central Belt
of the Franciscan Complex, the geological terrain dominant in the Coast Ranges. On the
other hand, the mid-lower-crust and deep horizons (figure E.2b-c) show significant
thickness changes, cutting across the grain of the Franciscan terrain. This thickness
distribution – oblique also to the plate motion direction in which the MCC is thought to
act – may reflect the existence of two thickening and thinning processes: a larger affect
caused by the migration of the triple junction in the eastern half of the region, and a
smaller affect near the western edge of the region (i.e. at the PAC:NAM plate boundary)
caused by northward migration of the Pioneer Fragment, a relic sliver of oceanic crust of
the Farallon Plate trapped by the Pacific Plate when the Mendocino Fracture Zone, the
current Pacific: Juan de Fuca plate boundary, met the trench of western North America
~30Ma (Furlong et al., 2003; Furlong and Schwartz, 2004) to form the MTJ. Since that
time, the Pioneer Fragment has moved north with the Pacific Plate underneath the
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western margin of North America, and is thought to result in a similar thickening and
thinning process as is observed in association with the migration of the MTJ (Furlong et
al., 2003; Furlong and Schwartz, 2004). This fragment currently sits just south of the
triple junction beneath the King Ranges and seismic station KCPB, and so deformation
associated with its migration lags behind MCC processes.

The characteristics of the particle velocity grids produced by this analysis (figure E.2d-f)
vary significantly both within and between each horizon. Contrasts in velocity within a
horizon identify the most likely locations for vertical shears to exist. For example, in all
the horizons pronounced contrasts can be seen at the western edge of the model, where
particle velocities transition from southeast-oriented (or small and northwest-oriented) to
large and northwest oriented along the next profile to the east. These vertical shear zones
correlate well with the northern extensions of the Hayward Fault System - the Rodger’s
Creek and Ma’acama Faults - and give confidence in the modeling procedure. Similarly,
velocity contrasts seen in the northeast corner of the shallow crustal grid may correlate
with the Bartlett Springs Fault, bounding the eastern edge of the plate boundary system in
northern California.

By taking plate-motion oriented cross-sections through these grids I can analyze the
potential locations for horizontal shear zones between horizons in the model (figure E.4).
These cross-sections also highlight the changes in thickness of the crust associated with
the passage of the triple junction, and thus provide a twofold tool for analysis of the
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deformational system. These profiles identify pervasive horizontal shear between the
shallow and mid-lower-crustal horizons on both sides of the vertical shear zones seen in
figure E.2d-f, and suggest the possibility for a horizontal detachment surface between
these layers that decouple the shallow crust from the rest of the system. Such a model
would explain why the shallow crust stays a near-constant thickness across the entire
model space sampled here, apparently not participating in the crustal modification driven
by the triple junction migration. This thickening and thinning process seems restricted to
the mid-lower-crustal and deep layers, where we can see significant and at times rapid
changes in thickness. Of particular interest in this regard are the profiles of figure E.4b
& c. The former profile is approximately coincident with the seismic stations FREY and
HOPS. Here, we see a rapid thinning of the mid-lower crustal horizon between the two
stations (approximately 220km and 270km along the profile, respectively) consistent with
results from the receiver function analysis (chapter 2, Hayes and Furlong, 2007) and
indicative of localization to the crustal thinning in the wake of the triple junctions
passage. In this location, the deep horizon is thought to represent a layer of underplating
created by the cooling of upwelled asthenosphere after the triple junction has moved
away. Further east (figure E.4c) near the apex of the MCC, we see an even more
pronounced thinning affect in the wake of the triple junction. Here, no underplating is
evident, perhaps because the upwelled material has not cooled enough to create
observable velocity and impedance contrasts below the pre-existing North American
crust. As this material cools, I would expect the deep horizon in this location to thicken
over time.
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This analysis also identifies some inconsistencies with the use of receiver function
forward models as compared to the solutions from the H:: stack approach. The Moho
across the Coast Ranges, as identified by the latter method, is a robust estimate of the
geophysically defined crust-mantle boundary. Forward models are inherently non-unique,
and so contain uncertainty related to the existence and position of interfaces throughout
the model. Correlating such interfaces across large distances is therefore difficult, as only
those horizons that are robust features of all models at any one station (and thus can be
directly related) should be considered. The different assumptions made in the modeling
procedure of each method results in horizons appearing in one that do not necessarily
feature in the other, and vice versa.

This process is further complicated by the fact that not all velocity contrasts seen in
tomographic models are ‘visible’ in receiver functions because the P-to-S conversions
imaged in the latter require an impedance contrast, a function of density as well as
velocity. Consequently, lateral changes in density - which we can almost certainly expect
in the Coast Ranges due to the influences of metamorphism (e.g. Guzofski and Furlong,
2002) and melt inclusion (e.g. Levander et al., 1998; Chapter 2, Hayes and Furlong,
2007) – may cause a horizon seen at one location to be unresolved at another.

Despite these drawbacks, I believe the use of receiver function forward models is
justified by the fact that this method allows me to identify internal layering in the crust
that is currently hard to identify via the H: : stack approach. Their use in this analysis
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therefore enables the development of a first-order strain model that can be fine-tuned as
receiver function models of improved accuracy become available.

E.6 DISCUSSION
The distribution of shear zones identified in this study is summarized in figure E.5. I
interpret vertical shears as the Ma’acama and Rodger’s Creek Faults in the west and the
Bartlett Springs Fault in the east, bounding the main area of influence of the MCC, as
described in Chapter 2 (Hayes and Furlong, 2007) of this thesis, labeled the “MCC
Corridor” here. Chapters 2 and 4 of this thesis (Hayes and Furlong (2007), and Hayes et
al. (2006), respectively) identified this region as the main extent of crust affected by the
MCC, consistent with these results. The integration of data sets here also identifies
horizontal detachments between the shallow and deeper crust between these vertical
shears, suggesting that the shallow crust does not participate in the deformational system
associated with triple junction migration. This conclusion is consistent with the lack of
variation of thickness of the shallow crust across the region studied here, and was also
identified in Chapter 2 (Hayes and Furlong, 2007) from receiver functions alone. This
detachment surface will have notable implications for other geophysical studies in the
area, in particular geodesy – if the shallow crust is decoupled from the MCC system, then
the signal of that deformation will be masked and surface velocities will instead reflect
’background’ plate motions. This surface may also have implications for the migrating
volcanic system that follows in the wake of the triple junction (Johnson and O’Neil,
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1984; Dickinson, 1997; Whitlock, 2002), for instance acting as a focus for crustal melt
accumulation on a pathway to the surface.

Horizontal shear zones identified west of the Hayward Fault System are also very
interesting. In the north, the horizontal detachment surface may be associated with the
King Range Overthust, and the Pioneer Fragment deformation process (Furlong et al.,
2003; Furlong and Schwartz, 2004). Further south, horizontal detachments may correlate
with similar features identified in the San Francisco Bay Area by the BASIX experiment
(Brocher et al., 1994) – since the MTJ has been marching northwards, I expect these
shear zones to have developed further south in the past. These detachment surfaces may
link the Hayward and San Andreas Fault Systems near the base of brittle faulting, acting
as a potential stress transfer between the two.
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ConocoPhillips Graduate Fellowship (proposal funded)
Research Proposal funded, project collaboration, ExxonMobil URC (semester
funding)
Best Student Poster Award, EarthScope National Meeting
1st place in Dept. Geosciences Student Colloquium Poster Competition
2007/08 Peter Deines Lectureship Awardee (1st place in Dept. Geosciences
Student Colloquium Oral Presentations, Post-Comprehensive Exam)

Publication Details
Publications: Papers and Theses
Hayes, G.P., and Furlong, K.P., 2007, Abrupt Changes in Crustal Structure Beneath the Coast
Ranges of Northern California – Developing New Techniques in Receiver Function
Analysis, Geophys. Jour. Int, 170, 313-336.
Hayes, G.P., Johnson, C.B., and Furlong, K.P., 2006, Evidence for melt injection in the crust of
Northern California?, Ear. Plan. Sci. Lett. 248, 638–649.
Hayes, G.P., Stuart, G.W., and Reyners, M., 2004, The Waiouru, New Zealand, earthquake
swarm – persistent mid crustal activity near an active volcano, Geophys. Res. Lett., 31,
doi:10.1029/2004GL020709.
Hayes, G.P., 2001, Relocating the hypocenters of an earthquake swarm near Waiouru, south east
of Ruapehu, North Island, New Zealand, Msc Thesis, Department of Earth Sciences, The
University of Leeds.

Submitted Papers
Hayes, G.P., and Furlong, K.P., Local Velocity Ratio Calculation for California – A Simple
Approach for Estimating Regional Vp/Vs, submitted to Phys. Ear. Plan. Inter., 2007.

Relevant Work Experience
August 2002 - Graduate Assistant, Dept. of Geosciences, Penn State University, USA.
5 semesters as a Teaching Assistant, 5 as a Research Assistant
Summer 2006 U.S.G.S. National Earthquake Information Center, Golden, CO, USA.
Summer Internship.
Summer 2004 Exxon Mobil Upstream Research Company, Houston TX, USA. Summer
Internship.

