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Abstract—We observe fault zone head waves (FZHW) that are

generated by and propagate along a roughly 80 km section of the

Hayward fault in the San Francisco Bay area. Moveout values

between the arrival times of FZHW and direct P waves are used to

obtain average P-wave velocity contrasts across different sections

of the fault. The results are based on waveforms generated by more

than 5,800 earthquakes and recorded at up to 12 stations of the

Berkeley digital seismic network (BDSN) and the Northern Cali-

fornia seismic network (NCSN). Robust identification of FZHW

requires the combination of multiple techniques due to the diverse

instrumentation of the BDSN and NCSN. For single-component

short-period instruments, FZHW are identified by examining sets

of waveforms from both sides of the fault, and finding on one (the

slow) side emergent reversed-polarity arrivals before the direct P

waves. For three-component broadband and strong-motion instru-

ments, the FZHW are identified with polarization analysis that

detects early arrivals from the fault direction before the regular

body waves which have polarizations along the source-receiver

backazimuth. The results indicate average velocity contrasts of

3–8 % along the Hayward fault, with the southwest side having

faster P wave velocities in agreement with tomographic images. A

systematic moveout between the FZHW and direct P waves for

about a 80 km long fault section suggests a single continuous

interface in the seismogenic zone over that distance. We observe

some complexities near the junction with the Calaveras fault in the

SE-most portion and near the city of Oakland. Regions giving rise

to variable FZHW arrival times can be correlated to first order with

the presence of lithological complexity such as slivers of high-

velocity metamorphic serpentinized rocks and relatively distributed

seismicity. The seismic velocity contrast and geological complexity

have important implications for earthquake and rupture dynamics

of the Hayward fault, including a statistically preferred propagation

direction of earthquake ruptures to the SE.

Key words: Fault zone head waves, Hayward fault, Bimate-

rial interface, Seismic imaging of faults, Moveout analysis, Particle

motion analysis.

1. Introduction

Major faults with large cumulative slip have

prominent bimaterial interfaces which juxtapose rock

bodies with different elastic properties. Geological

studies show that the active slip zone in large fault

structures is often localized along the overall lithol-

ogy contrast and/or the boundary of a damaged fault

zone layer (e.g., SIBSON 2003; SENGOR et al. 2005;

DOR et al. 2008). The existence of a bimaterial fault

interface can significantly modify various aspects of

earthquake physics and related phenomena (BEN-ZION

and ANDREWS 1998). These include generation of

predominately unilateral or strongly asymmetric

ruptures with a preferred propagation direction con-

trolled by the velocity contrast, sense of loading,

and sub-shear vs. super-shear rupture speed (e.g.,

WEERTMAN 1980, 2002; SHI and BEN-ZION 2006;

LENGLINE and GOT 2011), stress evolution towards a

tensional regime with little frictional heat and possi-

ble transient fault opening (e.g. ANDREWS and BEN-

ZION 1997; BEN-ZION and HUANG 2002; DALGUER and

DAY 2009), generation of very high slip velocities

behind the propagating rupture front (e.g., BEN-ZION

2001; AMPUERO and BEN-ZION 2008), asymmetric

distributions of aftershocks on the fault (e.g., RUBIN

and GILLARD 2000; ZALIAPIN and BEN-ZION 2011),

asymmetric off-fault rock damage (e.g., DOR et al.

2006; WECHSLER et al. 2009; MITCHELL et al. 2011)

and asymmetric geodetic fields across the fault (e.g.,

LE PICHON et al. 2005; WDOWINSKI et al. 2007). The

directivity effects associated with predominately

unilateral bimaterial ruptures can produce strongly

asymmetric ground motion, amplifying the motion by

a factor of 5 or more in the direction of rupture

propagation (e.g., BEN-ZION 2003; OLSEN et al. 2006;

BRIETZKE et al. 2009). Detecting and imaging
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properties of bimaterial faults, especially in fault

sections near highly populated urban areas, can

therefore lead to improved estimates of seismic haz-

ard associated with the faults.

Earthquakes near a fault bimaterial interface

generate fault zone head waves (FZHW) that propa-

gate along the interface with the velocity and motion

polarity of the faster block, and are radiated from

there to the block with slower seismic velocity (BEN-

ZION 1989, 1990). The FZHW are the first arriving

phases at locations on the slower block with normal

distance to the fault less than a critical value that

depends on the velocity contrast and propagation

distance along the fault (see Sect. 3). FZHW provide

the most direct and highest resolution information on

across-fault contrasts of rock types at seismogenic

depth. A mere detection of FZHW indicates the

existence of a bimaterial interface and the sense of

velocity contrast across the fault. Analysis of recor-

ded FZHW and the later arriving direct body waves

gives basic characterization of the spatial extent

along-strike and with depth, and degree of velocity

contrast, of the bimaterial fault interface (e.g., BEN-

ZION and MALIN 1991; HOUGH et al. 1994; MCGUIRE

and BEN-ZION 2005; ZHAO et al. 2010). Such infor-

mation can provide fundamental input on the internal

structure, expected dynamics, and estimates of seis-

mic shaking hazard associated with the fault. Also,

since bimaterial interfaces change the distribution of

arrival times and first motion polarities near the fault,

ignoring their existence can introduce errors and

biases into derivations of earthquake locations and

focal mechanisms (e.g. MCNALLY and MCEVILLY

1977; OPPENHEIMER et al. 1988; BEN-ZION and MALIN

1991).

In the following sections we provide results

associated with detecting and measuring properties of

FZHW and direct P arrivals in seismic waveforms

from stations near the Hayward fault, a major strike-

slip fault on the east side of the San Francisco Bay.

Depending upon the type of data available at each

station, we use particle motion analysis (BULUT et al.

2012) or compare waveforms across the fault and

search for emergent arrivals on the slow side with

coherent moveout from the following direct P waves

(e.g., BEN-ZION and MALIN 1991; LEWIS et al. 2007;

ZHAO et al. 2010). The measured arrival times of

FZHW and direct P arrivals are used to estimate the

average velocity contrast across different fault sec-

tions and to identify locations that produce waveform

complexities.

2. Regional and Geologic Setting

The tectonic motion between the Pacific and

North American plates in the San Francisco Bay area

is taken up by a series of splayed right-lateral faults.

With roughly 100 km of cumulative slip, the Hay-

ward fault has been a major component of this plate

boundary system since the late Pliocene era

(MCLAUGHLIN et al. 1996; GRAYMER et al. 2002;

LANGENHEIM et al. 2010). The Hayward fault is about

a 120 km long segment of the San Andreas system

that bisects the densely-populated cities of Berkeley

and Oakland, among others (Fig. 1a). From geodetic

measurements, the Hayward fault is estimated to

accommodate 7–9 mm/year of slip, which is

approximately 15–20 % of the total plate motion

(D’ALESSIO et al. 2005; SCHMIDT et al. 2005; EVANS

et al. 2012). Though some of this slip is alleviated

aseismically due to a high creep rate along the Hay-

ward (BILHAM and WHITEHEAD 1997; BÜRGMANN et al.

2000; SIMPSON et al. 2001; LIENKAEMPER et al. 2012),

paleoseismic studies indicate that the Hayward fault

frequently ruptures in Mw [ 6.7 earthquakes with a

161 ± 65 years recurrence interval (LIENKAEMPER

et al. 2010); the most recent such event occurred in

1868 (LAWSON 1908; YU and SEGALL 1996). Based on

this information, the Hayward is regarded as the most

hazardous Bay Area fault, with a 31 % probability to

produce a Mw [ 6.7 event within the next 30 years

(FIELD et al. 2009). Considering the dense population

(*7 million) and potential for devastating co-seismic

site effects in the region (e.g., KNUDSEN and WENT-

WORTH 2000; OLSEN et al. 2008), it is clear that the

Hayward fault poses a severe seismic risk to the San

Francisco Bay area.

Because of its large total displacement, the Hay-

ward fault juxtaposes several different lithologies

with contrasting elastic properties. In general, the

western block is composed of the Franciscan Meta-

morphic complex beneath a shallow (\500 m) cover

of Quaternary sediments, while the eastern block
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contains rocks of the Coast Range Ophiolite and

Great Valley sedimentary sequence (GRAYMER et al.

2005). In the northernmost portion of the fault, where

it intersects San Pablo Bay, Franciscan mélange is in

contact at the surface with Cretaceous sandstones.

Near the city of Oakland, a complicated zone of

serpentinized igneous rocks is in contact at the

surface with fine-grained sedimentary units. From

Oakland southwards to the junction with the Calav-

eras fault, metasandstones are in contact at the

surface with shales, sandstones, and conglomerates.

In all of these cases, western metamorphic rocks have

higher seismic velocities than the adjacent sedimen-

tary units on the eastern side, as shown by laboratory
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Figure 1
a Location map for the Hayward fault zone region (inside long rectangle) with 5,834 Mw [ 1.0 earthquakes from the NCEDC catalog (red

circles), regional seismicity (grey circles) and surface traces of large faults (black lines). NCSN stations are either single-component

geophones (gold triangles) or multi-component stations featuring a variety of instruments (blue triangles) and all three components of motion.

b Cross-section view along the Hayward fault showing the depth distribution of seismicity (red circles). All of the seismicity inside the long

rectangle (a) is collapsed onto a single vertical plane
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(BROCHER 2008) and tomographic (ZHANG and THUR-

BER 2003; MANAKER et al. 2005; HARDEBECK et al.

2007) studies.

Though a considerable proportion of the total slip is

released by aseismic creep (BILHAM and WHITEHEAD

1997), the Hayward fault is seismically active along its

entire length to a depth of about 15 km (Fig. 1b). There

are significant gaps in seismicity along the fault which

have been interpreted as locked patches (WALDHAUSER

and ELLSWORTH 2000; SCHMIDT et al. 2005) with spe-

cific geological features (GRAYMER et al. 2005). The

fault is also more seismically active to the south, where

relocated seismicity (SCHAFF and WALDHAUSER 2005;

WALDHAUSER and SCHAFF 2008) indicates a slight

northeastern dip of the main fault near the junction with

the Calaveras fault. In a fault-normal sense, seismicity

is broadly distributed in the upper 5 km, but is much

narrower at depth. This pattern is generally thought to

be consistent with a localized slip zone at depth (e.g.,

CHESTER and CHESTER 1998; BEN-ZION and SAMMIS

2003; FROST et al. 2009).

3. Fault Zone Head Waves

Fault zone head waves are seismic phases that

spend a large portion of their propagation paths

refracting along a bimaterial fault interface (BEN-ZION

1989, 1990). They are analogous to refracted waves

in a horizontally layered medium such as the mantle-

refracted Pn phase. The FZHW arrive before the

direct P waves (Fig. 2) for stations on the slow side of

the fault with normal distance to the interface x \ xc

given by

xc ¼ r � tan cos�1 a2=a1ð Þ
� �

; ð1Þ

where r is the propagation distance along the fault

and a2 and a1 are the average P wave velocities of the
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Figure 2
Example sets of seismograms from two stations on opposite sides of the Hayward fault. Station CSP is on the slow NE side at about 3 km

from the fault, while station CPM is on the fast SW side about 10 km from the fault. Vertical black lines are the first significant peak within

the time window, black triangles are catalog P arrival picks from the NCEDC, and the inclined dashed line is the inferred moveout of the early

arrivals relative to the peak for station CSP. At station CPM on the faster side of the fault, the first large peak is consistently impulsive with

considerably larger amplitude than the preceding noise. In contrast, seismograms from the station CSP feature emergent early arrivals before

the first early peak which appear to have a coherent moveout with along-fault propagation distance. First arrivals at CSP generally have the

opposite polarity to that expected for the right-lateral strike-slip focal mechanisms which dominate the earthquake catalog in this region.

Though the NCEDC picking algorithms identify both of these phases as P wave arrivals, there is clearly a different character between the two

stations
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slower and faster blocks, respectively (BEN-ZION

1989). The head waves have emergent waveforms

that generally increase in amplitude up to the arrivals

of the more impulsive body waves, which truncate

the tail of the head waves with reversed polarity

larger amplitude motion (BEN-ZION 1989, 1990).

For a simple bimaterial interface between two

different quarter spaces, the differential arrival time

(Dt) between the first arriving FZHW and the fol-

lowing direct P wave grows with the distance traveled

along the fault (r) as

Dt� r
1

a2

� 1

a1

� �
� r

Da
a2

� �
; ð2Þ

where a and Da denote the average and differential

P-wave velocities, respectively (BEN-ZION and MALIN

1991). Assuming an average velocity for a given fault

zone section, Eq. (2) can be used together with

measured moveout data to derive a corresponding

estimate of the average velocity contrast across the

fault section. BEN-ZION et al. (1992) and LEWIS et al.

(2007) constrained the depth variations of the

velocity contrasts across sections of the San Andreas

Fault with joint inversion of FZHW and P arrival

times using simple ray tracing expressions for a

structure consisting of a two different horizontally-

layered quarter spaces. More recently, BENNINGTON

et al. (2013) incorporated head waves into double-

difference tomography inversions and obtained ima-

ges with improved sharpness and degree of across-

fault velocity contrast, along with better localization

of seismicity, at the Parkfield section of the San

Andreas Fault. In this paper we limit the analysis to

derivations of average velocity contrasts at different

fault sections of the type done by BEN-ZION and

MALIN (1991), MCGUIRE and BEN-ZION (2005), and

others.

Because the FZHW is radiated from the fault

interface, in contrast to the direct P wave that is

radiated from the hypocenter location, the hori-

zontal motion polarity provides an important

feature that can be used to distinguish between and

measure the arrivals of the two phases (BULUT

2012). The accuracy of detecting the head wave

arrival is limited by its emergent character and the

existence of ambient noise. The accuracy of

detecting the direct P wave arrival with horizontal

motion polarity at near-fault stations is limited by

the fact that a vertical strike-slip fault is a nodal

plane of the horizontal motion.

4. Analysis Procedure and Results

Due to the highly variable data quality of the seis-

mic network along the Hayward fault, we combine

multiple techniques in order to distinguish and pick

arrival times of head wave and direct P phases. For

3-component seismic stations, we apply a horizontal

particle motion polarization analysis in short moving

time windows and search for changes of polarization

direction from random (noise) to approximately fault

normal (head wave) and epicenteral (P wave) direc-

tions. For single-component (vertical geophone)

stations, we compare first arrivals for each event

recorded at a variety of stations on both sides of the

fault and search for systematic emergent slow-side first

motions that have the same polarity as first arrivals

(direct P waves) on the faster side of the fault. In both

cases, the arrival times of identified head and direct P

waves are picked and assigned a quality rating based on

the clarity of separation of the two phases, consistency

of polarity with right-lateral focal mechanisms, signal-

to-noise-ratio, and impulsiveness of the direct P arri-

val. A series of consistency checks are then applied to

the entire dataset, reducing by about 15 % the final

number of phase picks. The following subsections

provide additional details on each analysis technique,

along with descriptions of the data and results.

4.1. Data and Pre-processing

We examined 5,834 earthquakes (Fig. 1) recorded

at up to 28 stations of the Berkeley digital seismic

network (BDSN) and the Northern California seismic

network (NCSN). Event information was taken from

the double-difference relocated catalog of WALDHAUS-

ER and SCHAFF (2008), which spans 1984–2009.

Waveforms and routine phase arrival picks were

obtained from the Northern California Earthquake

Data Center (NCEDC). The employed events range in

size from Mw 1.0 to Mw 4.0, and have a maximum fault-

normal distance of 8 km and a maximum depth of

16.2 km. The instruments include 15 single-
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component L4 velocity geophones, six K2 Episensor

accelerometers, four Guralp 40T broadband seismom-

eters, and three Wilcoxon borehole accelerometers. Of

the 28 stations examined, eight are sufficiently close to

the fault on the slow (NE) side to record head wave first

arrivals (Eq. 1).

For each record, we remove the mean and apply a

2-pass (acausal) 2-pole 1 Hz high-pass Butterworth

filter in order to remove long-period noise. Since the

same pre-processing is applied to all data, it does not

affect our key conclusions on the existence and extent

of a major bimaterial interface in the structure of the

Hayward fault, based on comparisons of waveforms

at stations across the fault. In the appendix we

demonstrate that the pre-processing has minor effects

on the target analysis signals, limited to producing

some uncertainties on the precise properties of the

early head waves. However, this is inevitable given

the emergent character of FZHW and has little effect

on our main results. We integrate the resulting

seismograms numerically using cumulative trapezoi-

dal integration to produce displacement records.

Figure 2 shows example sets of seismograms at

two stations on the opposite sides of the fault that

illustrate the significant differences in the character of

seismograms recorded at the different crustal blocks.

Station CSP is on the slow NE side about 3 km from

the fault, while station CPM is on the fast SW side

about 10 km from the fault. At both stations, the

vertical-component velocity seismograms are aligned

on the first large peak (vertical black lines) within 2 s

of the NCEDC catalog picked arrival time (black

triangles). On the faster crustal block, the first large

peak is consistently impulsive with considerably

larger amplitude than the preceding portion of the

seismograms, which appears to consist of incoherent

random noise. Subsequent peaks in the seismograms

also line up for waveforms originating at similar

along-fault distances. The NCEDC catalog picks are

also roughly aligned, with no significant moveout

with along-fault propagation distance. In contrast, the

seismograms from the slower side of the fault include

emergent early arrivals before the first impulsive

peak, which appear to have a coherent moveout with

along-fault propagation distance and are candidate

head waves. The NCEDC picking algorithms identify

these early emergent phases as P-wave arrivals, but

they clearly differ in character from the arrivals at the

station CPM on the other side of the fault. In the

subsequent sections, we analyze the seismograms

from both sides of the fault in much greater detail.

4.2. Particle Motion Polarization

Following the method of BULUT et al. (2012), we

identify head waves in data observed on two

horizontal components using particle motion analysis

summarized briefly below. As mentioned, the head

waves travel along and are radiated from the fault

bimaterial interface. They are the first arriving

seismic phases at stations on the slower side closer

to the fault than xc of Eq. (1), and are expected to

exhibit polarity change from random-like motion

charactering the preceding noise to polarization that

turns toward the fault-normal azimuth (Fig. 3). The

particle motion of the direct P wave is along the

source-receiver propagation path, so the transition

from the FZHW to direct P waves is expected to be

associated with a change of polarity toward the

source-receiver backazimuth. To track changes of

polarization directions, we follow BULUT et al. (2012)

and calculate polarizations in narrow time windows

fast side +
slow

 side -

P
 w

avehead wave

Figure 3
Schematic diagram showing the difference in horizontal polariza-

tion of the direct P wave compared to the first-arriving head wave.

For a slow-side station near the fault, the direct P arrives polarized

directly along the source receiver backazimuth. The preceding head

wave, on the other hand, has polarization more normal to the strike

of the fault
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of the recorded horizontal displacement seismograms

with the algorithm of JURKEVICS (1988).

If we combine all three components of motion in a

single time window of length N into an N 9 3 matrix

X, the covariance matrix can be computed as

S ¼ XXT

N
¼

Szz Szn Sze

Szn Snn Sne

Sze Sne See

2

4

3

5: ð3Þ

The eigenvalues k1; k2; k3ð Þ and eigenvectors

u1; u2; u3ð Þ of S give, respectively, the amplitudes

and directions of the axes of the polarization ellipse.

The polarization of incoming P waves is assumed to

be the horizontal orientation of rectilinear motion

corresponding to the largest eigenvector k1 given by

Az ¼ tan�1 u21

u31

� �
: ð4Þ

For a regular direct P wave Az should be along the

source-receiver backazimuth, whereas for FZHW it

should be oriented towards the fault interface.

Additionally, the degree of polarization can be

calculated as

q ¼ 1:0� k2 þ k3ð Þ=2k1ð Þ; ð5Þ

which will be 1.0 when particle motion is purely

rectilinear as in an isolated body wave, and 0 for a

perfectly uncorrelated motion.

In practice, all of the eigenvalues are nonzero due

to correlated seismic noise and scattering. Nonethe-

less, the head and direct P waves can be identified

tentatively by comparing the largest eigenvalues k1 of

consecutive time windows: head waves will have

larger k1 than the noise, and P waves will have larger

k1 than head waves. The arrivals of the head and

direct P waves can be substantiated further and

picked by identifying transitions of particle motion

from approximately random toward the fault-normal

and from there toward the backazimuth direction. By

using a moving time window, the ratio of eigenvalues

can be maximized to accurately pick each phase

arrival.

For the employed data in this study, we found that

it is useful to examine horizontal particle motion

using a moving window with a length of ten samples,

which corresponds to a time window of 0.1 or 0.2 s

depending on the instrument’s sampling rate. To

begin, we identify the initial phase arrival by finding

the first (after the origin) time window in which the

largest eigenvalue is at least five times that of the

background noise. Though this is an ad hoc choice, it

is likely a conservative one; a ratio of 3 is probably

sufficient to distinguish phase arrivals from noise.

Second, we determine if this arrival is a head wave or

direct P wave based upon the azimuth Az and degree

q of the polarization calculated using Eqs. (4) and (5).

If these parameters are inconsistent with the expec-

tations for a direct P arrival, and are consistent with

those for FZHW, we identify the first phase tenta-

tively as a head wave and continue the moving

window analysis to maximize the eigenvalue ratio of

the next phase arrival. In general, this second arrival

will be polarized along the backazimuth and will

have a higher eigenvalue ratio. A consistency of

eigenvalue ratios and polarization directions gives us

confidence that the second phase is a direct P wave,

and that the preceding arrival is a head wave.

Figure 4a, b illustrate the discussed procedure

with example results for two separate events with

significantly different epicentral distances recorded

each by a single station (BKS) on the slow NE side of

the fault. In general, the difference in amplitude, and,

thus, in the largest eigenvalue, between the FZHW

and direct P wave decreases with increasing along-

fault propagation distance. For comparison, Fig. 4c

provides example particle motion results for a station

(RFS) on the fast SW side of the fault. The particle

motion analysis shows in this case only an impulsive

P wave arrival polarized along the backazimuth with

a large k1 and a large q. The stations on the slower

side of the fault have generally less impulsive arrivals

and a lower signal-to-noise ratio. Nevertheless,

FZHW and P-wave arrivals are clearly identified

and picked using the above analysis procedure at

three stations (blue triangles in Fig. 1) on the NE side

of the fault.

4.3. Vertical Component Analysis

For stations which only record a single (vertical)

component of motion, we apply a waveform com-

parison method (e.g., BEN-ZION and MALIN 1991;

LEWIS et al. 2007; ZHAO et al. 2010). We begin by

selecting events with Mw [ 1.5, because smaller

Vol. 171, (2014) Seismic Imaging of a Bimaterial Interface 2999



events tend not to produce long-range coherent

phases. Though smaller events in principle could be

used, the generally low signal-to-noise ratio in the

instrument response bands of the NCSN single-

component stations precludes reliable detection of

an emergent phase before the P wave. This leaves
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Figure 4
a Horizontal particle motion at station BKS for an event *10 km along-fault showing an emergent head wave arrival followed by an

impulsive backazimuth-polarized direct P wave. For each window, the ratio of the largest eigenvalue (for the particle motion covariance

matrix in Eq. 1) in that window to the largest eigenvalue in the previous time window is shown. Though the head wave is relatively low

amplitude compared to the P wave, it is much higher amplitude than the preceding noise. Additionally, the head wave is not polarized along

the backazimuth, as is the later direct P. b Similar to a, but for an event much further away (*65 km along-fault) recorded at the same station.

The head wave emerges from the noise with a high eigenvalue ratio, followed by an impulsive higher amplitude P wave with a strong

backazimuth polarization. The observation of head waves at such large distances indicates a consistent fault zone interface with contrasting

velocity. c Similar to a and b, but for a medium distance event (*15 km along-fault) recorded at fast-side station RFS. An impulsive

backazimuth-polarized P wave has no significant preceding phase
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1,808 candidate events, each recorded by an average

of twelve stations. Of these events, approximately

half are well-recorded by any given station. The

remaining events (red circles in Fig. 1) provide good

spatial coverage all along the Hayward fault.

After event selection, we compare all of the

available seismograms for each event individually,

arranging the waveforms by along-fault propagation

distance and coloring them according to the side of

the fault on which they are recorded (Fig. 5a). Head

waves are identified as emergent arrivals with the

polarity of the fast-side direct P wave. Direct P waves

are identified as relatively impulsive high-amplitude

arrivals. Although it is difficult to quantify the

uncertainty of the picks we estimate that it is less

than 0.1 s; the picking error is certainly much less

than the separation time between head wave and

direct P arrivals.

Additionally, we make the simplifying assump-

tion that the motion polarity should be consistent with

right-lateral focal mechanisms; most events along the

Hayward fault are associated with near-vertical

strike-slip mechanisms aligned with the seismicity

trend (HARDEBECK et al. 2007). However, there is

some complexity in focal mechanisms at both the

southern junction with the Calaveras fault and the

northern stepover to the Rodgers Creek fault zone,

which may explain some of the complexity in

observed waveforms.

Next, we assign quality ratings of ‘‘good’’, ‘‘fair’’,

or ‘‘poor’’ based on the clarity of separation and

relative amplitude of the two phases, consistency of

polarity with right-lateral focal mechanisms, signal-

to-noise-ratio, and impulsiveness of the direct P

arrival (Fig. 5b). Good quality measurements are

characterized by a high signal-to-noise ratio, with an

emergent first-motion followed by an impulsive

higher amplitude arrival. Fair quality ratings are

generally assigned where there is not clear separation

between the two phases. Poor quality measurements

mostly have a low signal-to-noise ratio and lack

separation. In the following sections, we exclude

‘poor’ arrivals from further consideration.

4.4. Consistency Checks

After assembling a dataset of FZHW and direct P

arrivals, we re-examine each individual pick in the

context of each station. First, we create stack-plots of

all the picks aligned on the peak of the direct P arrival

(Fig. 6). For reference, we plot the original NCEDC

catalog P arrival time, the new P pick, and the head

wave pick. We then evaluate each pick separately,

using both velocity and displacement seismograms to
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adjust slightly the head wave or P pick for about

10 % of the phases, and removing any obviously

erroneous picks.

Next, we fit a least-squares regression line

separately to the P wave and head wave arrival

times at each station, and consider picks with a

residual higher than an ad hoc value of 10 % to be

outliers. This step is applied mainly to remove

misidentification problems from the picked arrival

times, which occur when the head waves and P

waves are mistaken for each other. In fitting the

regression line, we make no a priori assumptions;

the line is not constrained to have a positive slope or

to pass through the origin. All eight stations on the

slow side of the Hayward fault show positive

moveouts (Fig. 6) that are discussed further below.

We calculate a residual for each phase pick (picked

arrival time minus regression prediction) and remove

all picks for which the residual is greater than 10 %

of the predicted arrival time (residual/prediction

[0.1). This process reduces the total amount of data

by *15 % at each station.

4.5. Estimating Velocity Contrast

Once the final catalog of FZHW and direct P

arrivals is assembled, the moveout of delay time Dt

between the two phases at each station with
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a Example head waves for single-component stations picked by comparing waveforms from many stations for a single event from both the fast

(red line) and slow (black line) sides of the fault. Stations CLC and CNI both show emergent first arrivals which have downward first-motion

polarity (indicated in the zoomed-in views), which is opposite to the expected polarity produced by the common regional right-lateral focal

mechanisms. Stations CCY and CPM feature more impulsive arrivals with the correct first motion. b Examples of ‘good’, ‘fair’, and ‘poor’

quality measurements made on single-component station CMJ. The good quality measurement features low-amplitude first arrivals followed

by a very clear impulsive phase in both velocity and displacement. The fair measurement is more emergent, with the head wave only being

clearly observed in displacement, and the P wave only clearly observed in velocity. The poor measurement features very high amplitude noise

in displacement, with no obvious difference in character of P and head wave except motion polarity
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propagation distance along the fault can be used

(Eq. 2) to estimate the average velocity contrast

across the bimaterial interface sampled by the data.

Using the measured arrival times of the direct P

waves, we estimate that the average P wave velocity

for the examined area around the Hayward fault is

*4.85 km/s. This value is consistent with previous

velocity estimates for the creeping section of the San

Andreas Fault south of Hollister (MCGUIRE and BEN-

ZION 2005; LEWIS et al. 2007), and it varies less than

5 % from station to station. The variations are most

likely due to the distribution of phase propagation

distances at each station; a station with a longer

average propagation distance will record arrivals that

travelled through deeper, and thus faster, crustal

material.
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3-component with picks generated from particle motion analysis. Fast-side station CCY features impulsive P wave arrivals with no preceding

phase. The five slow-side stations show a clear moveout with along-fault propagation distance
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Figure 7 displays the measured time delays

between head and direct P waves, and least-squares

moveout lines, at different along-strike directions of

each of the eight used stations on the slow side of the

Hayward fault. Given the average nature of Eq. (2),

the estimated velocity contrasts in Fig. 7 are based on
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the average P wave velocity (*4.85 km/s) for the

entire study area. Station CSP, located at the northern

end of the fault zone, has the highest contrast at

almost 8 %. Station CSH, at the southern end of the

fault, has a similarly high contrast. The lowest

contrast of *2 % is observed at station CLC, a

3-component station. Other stations feature a range of

measured values.

A remarkable aspect of our results is the coherent

propagation of FZHW over large distances along the

Hayward fault. For station CSP, located furthest to

the NW, head wave arrivals are detected as much as

1.4 s before the direct P wave from events as far

away as 80 km, near the junction with the Calaveras

fault. Station CSP has three components, so head

wave arrivals were picked using particle motion. The

consistent moveout observed at CSP is interrupted

only at along-fault distances of -60 to -50 km.

Station CVP shows a similar pattern in the moveout

of the observed head wave signals, with a maximum

Dt of 1.5 s at a distance of -70 km. Stations BKS and

CMJ, more centrally located along the fault, show

much greater scatter in the observed moveout

profiles, though it should be noted that BKS is a

three-component station with head wave arrivals

picked using particle motion. Station CMJ, while

showing scatter in head wave arrival times, has quite

consistent P and post-P waveforms. Station CSH

features clear head wave arrivals with consistent

moveout in both directions along the fault.

5. Discussion

Tomographic images of the Hayward fault struc-

ture based on body waves and volumetric cells show

clear contrasts of rock bodies across the fault (ZHANG

and THURBER 2003; MANAKER et al. 2005; HARDEBECK

et al. 2007). However, these studies do not distin-

guish between a sharp bimaterial interface, which

may serve as an ‘‘attractor’’ of earthquake ruptures

and modify considerably their properties (e.g., BEN-

ZION and ANDREWS 1998; BRIETZKE and BEN-ZION

2006), and a smeared lithology contrast with little

effect on earthquake dynamics. To distinguish

between these possibilities, we conduct thorough

analyses of horizontal particle motion and detailed

comparisons of waveforms to identify head wave

arrivals at stations near the Hayward fault. The

FZHW are only observed on the NE side of the fault,

and are found to propagate over a large range

(*80 km) of along-fault distances. This indicates the

existence of a persistent bimaterial interface along

most or the entire seismogenic zone of the fault. In

all, we obtain 1,448 head wave and 1,538 direct P

arrivals on the slow side of the fault, as well as 413

direct P arrivals at three stations on the fast side.

Results for stations CSP, CVP, BKS, CMJ, CSH, and

CCY are shown in Fig. 6 as station-centric stack plots

of vertical displacement seismograms centered on the

P wave arrival. At station CCY, on the SW (fast) side

of the fault, P waves are the first impulsive arrivals

with a high signal-to-noise ratio and consistent first-

motion polarity. Similar results characterize the

waveforms at station CPM on the SW side (Fig. 2). In

contrast, the stations on the NE (slow) side record

coherent emergent FZHW with opposite polarity and

near fault-normal polarization that precede the direct

P arrivals. A consistent moveout with distance is

observed at all of the slow-side stations, although

some scatter is present in the data.

The estimated velocity contrasts (Fig. 7) are

within the range of values obtained for the San

Andreas Fault near Parkfield (BEN-ZION et al. 1992;

ZHAO et al. 2010) and south of Hollister (MCGUIRE and

BEN-ZION 2005; LEWIS et al. 2007), the Calaveras fault

(ZHAO and PENG 2008), and the 1944 rupture zone and

Mudurnu section of the North Anatolian fault (OZAKIN

et al. 2012; BULUT et al. 2012). The highest velocity

contrasts are measured at stations on either end of the

fault zone, indicating that the bimaterial interface is

extensive with depth and persistent laterally. The SW

side of the fault is 3–8 % faster than the NE side,

which is consistent with regional geology (GRAYMER

et al. 2005) and tomographic imaging (e.g., HARDE-

BECK et al. 2007). A large-scale and sharp bimaterial

interface is also consistent with the fact that the

Hayward fault is a major component of the plate

boundary (D’ALESSIO et al. 2005; SCHMIDT et al. 2005;

EVANS et al. 2012) and has been so for the last 12 Ma

(MCLAUGHLIN et al. 1996; GRAYMER et al. 2002; LAN-

GENHEIM et al. 2010).

The spatial variations of the imaged velocity

contrast can be assessed from the measured delay
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Map-views and cross-sections for nine slow-side stations with differential travel times (head wave minus direct P) plotted with the indicated

color scale at hypocentral locations. In general, the delay increases with propagation distance, indicating a persistent *80 km-long across-

fault contrast. Complexity in delay times observed for events near the Calaveras junction (35 km along-fault), the City of Oakland (-10 km),
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observed at CSP for two very shallow events with hypocenters very close to the surface trace of the Hayward fault
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times that are used for the average moveout results.

Figure 8 shows for nine stations the observed delay

times (head wave minus direct P arrival time) in map-

view and vertical cross-sections at the source loca-

tions. In general, the delay increases with increasing

along-fault propagation distance, which indicates a

continuous interface with persistent velocity contrast

along the entire *80 km section examined. The

observed delay times exhibit scatter in specific loca-

tions for multiple stations. For virtually all the

stations, events near the Calaveras junction produce a

wide range of delay times with only minor changes in

event depth and fault-normal distance. The largest

delay times of this study, observed at station CSP,

originate in this region from two very shallow events

that are very close to the surface trace of the Hayward

fault. These same events, and others nearby, also

produce very large delay times at stations CVP, BKS,

CLC, and CPL. Other areas with large scatter in delay

times are near the city of Oakland (-10 km in the

fault-parallel coordinate) and near the San Pablo Bay

(-30 km). Complicated delay time patterns for

events near Oakland are observed for short propa-

gation distances at BKS and long-distances at CMJ.

Variable delay times for events near San Pablo Bay

(stations CGP, CSH, CPL) possibly reflect a small-

scale local reversal of contrast polarity (ZHANG and

THURBER 2003; GRAYMER et al. 2005). In general,

delay time decreases with increasing hypocentral

depth, suggesting that the velocity contrast decreases

with depth, though there is large variation in this

pattern.

The complexities in Dt for events originating near

Oakland and near the Calaveras junction correlate

with regional geology. WALDHAUSER and ELLSWORTH

(2002) used seismicity patterns to define locked fault

patches at depth, including one near Oakland.

GRAYMER et al. (2005) correlated the same segment

with a sliver of complicated metamorphic rocks,

including serpentinite. The scatter in Dt of our results

(Figs. 7, 8) could also be due to heterogeneity in the

source region. Delay times for events originating at

the Calaveras junction may be complicated by a

reversal in the polarity of the velocity contrast; the

NE side of the Calaveras fault is likely higher

velocity based on the geology (GRAYMER et al. 2005)

and tomographic imaging (MANAKER et al. 2005). In

addition, junctions of faults often produce a higher

concentration of damaged rock (FINZI et al. 2009;

ALLAM and BEN-ZION 2012; XU and BEN-ZION 2013)

that can lead to waveform complexities and local

reversals of velocity contrast.

The average 3–8 % contrast in velocity (NE slow)

across the Hayward fault indicates a statistically

preferred SE propagation direction for typical sub-

shear ruptures and related directivity effects (e.g.,

BEN-ZION and ANDREWS 1998; AMPUERO and BEN-ZION

2008; BRIETZKE et al. 2009; XU et al. 2012). This may

be viewed as good news in terms of seismic risk, as

the denser population centers and more hazardous site

effects (e.g., KNUDSEN and WENTWORTH 2000) are

located towards the northern portion of the Hayward

fault. For the less common super-shear ruptures, the

preferred propagation direction is toward the NW

(e.g., WEERTMAN 2002; SHI and BEN-ZION 2006).

Some of the scatter in delay times may be produced

by distributed seismicity at regions of complexity,

involving events at variable fault-normal distances

from the central bimaterial fault. This may be

reduced by projecting all the events to the central

fault surface. Such work and additional analyses of

the head and direct P waves are left for a future study.
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Appendix: Filtering Effects on the Target Signals

Here we examine the consequences of the employed

filtering scheme on the target signals of this study.

There are tradeoffs in signal phase, amplitude, and

polarity between causal and acausal filters. Because

head waves are emergent, first-arriving, and low in

amplitude compared to body waves, some care must be
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taken in filter design. In general terms, acausal filters

can produce small oscillations preceding high-ampli-

tude arrivals (e.g., P waves). Causal filters lack such

acausal effects, but produce a phase shift.

Figure 9 shows examples of single-pass (causal)

and 2-pass (acausal) filters applied to three stations at

different epicentral distances. Both filter types are

2-pole high-pass butterworth filters with 1 Hz corner

frequency. For the record at station BKS on the slow

NE side of the fault (top) both filters are somewhat

problematic; the causal filter’s negative phase delay

would lead to an overestimation of the P wave arrival

time, while the acausal filter changes the polarity and

decreases the arrival time of the head wave. At station

CNI closer to the fault on the slow side (middle), the

acausal filter performs well, introducing no significant

artifacts, while the causal filter would lead to a slight

overestimation of the headwave arrival time. At station

CPM on the fast SW side of the fault (bottom), both

filters perform adequately, though a slight phase delay

exists in the causally-filtered trace.

Based on these and other waveform comparisons, we

choose to apply a 2-pass filter for the general analysis, as

the causal filter affects the arrival picks of both the head

and P waves. However, we recognize that acausal effects

can sometime flip the head wave polarity or lead to a

slight underestimation of its arrival time. Though these

artifacts can potentially bias the head wave pick, they

have only a small effect and do not change the overall

consistent moveout observed at all slow-side stations

(Fig. 6). Given the approximate character of the esti-

mated (average) velocity contrast values in this work, the

applied filter has minor effects on the results.
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structure and kinematics of the Calaveras–Hayward fault ste-

pover from three-dimensional VP and seismicity, San Francisco

Bay region, California, Bull. Seismol. Soc. Am., 95(2), 446–470.

MCGUIRE, J. and BEN-ZION, Y., 2005, High-resolution imaging of

the Bear Valley section of the San Andreas Fault at seismogenic

depths with fault-zone head waves and relocated seismicity,

Geophys. J. Int., 163, 152–164, doi:10.1111/j.1365-246X.2005.

02703.x.

MCLAUGHLIN, R.J., SLITER, W.V., SORG, D.H., RUSSELL, P.C., and

SARNA-WOJCICKI, A.M., 1996, Large-scale right-slip displace-

ment on the east San Francisco Bay region fault system,

California: implications for location of late Miocene to Pliocene

Pacific plate boundary, Tectonics, 15(1), 1–18.

MCNALLY, K.C., and MCEVILLY, T.,1977, Velocity contrast across

the San Andreas fault in central California: small-scale varia-

tions from P-wave nodal plane distortion, Bull. Seism. Soc. Am.,

67, 1565–1576.

MITCHELL, T.M., BEN-ZION, Y., and SHIMAMOTO, T., 2011, Pulver-

ized fault rocks and damage asymmetry along the Arima-

Takatsuki Tectonic Line, Japan. Earth Planet. Sci. Lett., 308,

284–297, doi:10.1016/j.epsl.2011.04.023.

OLSEN, A.H., AAGAARD, B.T., and HEATON, T.H., 2008, Long-period

building response to earthquakes in the San Francisco Bay Area.

Bull. Seismol. Soc. Am., 98(2), 1047–1065.

OLSEN, K.B., DAY, S.M., MINSTER, J.B., CUI, Y., CHOURASIA, A.,

FAERMAN, M., and JORDAN, T., 2006, Strong shaking in Los

Angeles expected from southern San Andreas earthquake, Geo-

phys. Res. Lett., 33(7), L07305.

OPPENHEIMER, D.H., REASENBERG, P.A., and SIMPSON, R.W., 1988,

Fault plane solutions for the 1984 Morgan Hill, California,

earthquake sequence: evidence for the state of stress on the

Calaveras fault, J. Geophys. Res., 93, 9007–9026.

OZAKIN, Y., BEN-ZION, Y., AKTAR, M., KARABULUT, H., and PENG, Z.,

2012, Velocity contrast across the 1944 rupture zone of the North

Anatolian fault east of Ismetpasa from analysis of teleseismic

arrivals, Geophys. Res. Lett., 39, L08307, doi:10.1029/

2012GL051426.

RUBIN, A. and GILLARD, D., 2000, Aftershock asymmetry/rupture

directivity among central San Andreas fault microearthquakes, J.

Geophys. Res., 105(B8), 19095–19109.

SCHAFF, D. P., and WALDHAUSER, F., 2005, Waveform cross-corre-

lation-based differential travel-time measurements at the

3010 A. A. Allam et al. Pure Appl. Geophys.

http://dx.doi.org/10.1007/s00024-005-0023-9
http://dx.doi.org/10.1007/s00024-005-0023-9
http://dx.doi.org/10.1111/j.1365-246X.2008.03709.x
http://dx.doi.org/10.1007/s00024-009-0522-1
http://dx.doi.org/10.1007/s00024-009-0522-1
http://dx.doi.org/10.1029/2011GL047303
http://dx.doi.org/10.1111/j.1365-246X.2006.03319.x
http://dx.doi.org/10.1111/j.1365-246X.2005.02703.x
http://dx.doi.org/10.1111/j.1365-246X.2005.02703.x
http://dx.doi.org/10.1016/j.epsl.2011.04.023
http://dx.doi.org/10.1029/2012GL051426
http://dx.doi.org/10.1029/2012GL051426


Northern California Seismic Network, Bull. Seismol. Soc. Am.,

95(6), 2446–2461.
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