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Missing link between the Hayward and Rodgers

Creek faults
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The next major earthquake to strike the ~7 million residents of the San Francisco Bay Area will most likely result from
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rupture of the Hayward or Rodgers Creek faults. Until now, the relationship between these two faults beneath San
Pablo Bay has been a mystery. Detailed subsurface imaging provides definitive evidence of active faulting along the
Hayward fault as it traverses San Pablo Bay and bends ~10° to the right toward the Rodgers Creek fault. Integrated
geophysical interpretation and kinematic modeling show that the Hayward and Rodgers Creek faults are directly
connected at the surface—a geometric relationship that has significant implications for earthquake dynamics
and seismic hazard. A direct link enables simultaneous rupture of the Hayward and Rodgers Creek faults, a scenario
that could result in a major earthquake (M = 7.4) that would cause extensive damage and loss of life with global

economic impact.

INTRODUCTION

The Hayward-Rodgers Creek fault zone cuts through the heart of the
urban San Francisco Bay Area (Fig. 1), which boasts the fourth largest
economy in the United States and ranks among the top 20 in the world.
Recent constraints show that the length of a combined Hayward-Rodgers
Creek fault zone is ~190 km, extending from Alum Rock in the south
(1) to just north of Healdsburg (2). The ability of an earthquake on the
Hayward fault to continue onto its northern extension along the Rod-
gers Creek fault (or vice versa) greatly depends on the geometrical re-
lationship between these faults beneath San Pablo Bay.

The Hayward-Rodgers Creek fault zone is considered the most likely
bay area fault to experience an earthquake with moment magnitude (M)
of >6.7 within the next 30 years (3), yet the location and connectivity of
the Hayward and Rodgers Creek faults remain uncertain beneath San
Pablo Bay. Where the faults enter the bay, their projections are separated
across-strike by ~5 km. The Hayward and Rodgers Creek faults either are
parallel and separated by a 4- to 6-km-wide gap or “stepover” (4-6) or
join up as a throughgoing fault bend (7-10) beneath San Pablo Bay.
Neither of these interpretations has been supported by direct observa-
tions of near-surface, active faulting. The shallow water depth (<2 m)
and widespread gas in the bay sediments make acoustic imaging of the
submerged geologic structure difficult, which may partially explain why
the geometry of the Hayward and Rodgers Creek faults here has re-
mained a mystery for so long.

Resolving this uncertainty is particularly important because the
alternative fault models (fault stepover versus fault bend) have different
implications for earthquake hazard. Fault connectivity defines the max-
imum earthquake rupture length, and the three-dimensional (3D) ge-
ometry of faults affects the dynamics of fault rupture, slip, and ground
motion (11-15). Details of the 3D fault geometry at stepovers and bends—
particularly in urban settings—are often lacking, limiting efforts to
constrain hazard calculations in these areas. We use specialized high-
resolution subsurface imaging to document active faulting in San Pablo
Bay. Near-surface observations are integrated with remote sensing of
crustal properties (density and magnetization) and deformation model-
ing to determine the geometry and connectivity of the Hayward and
Rodgers Creek faults.

us. Geological Survey, Santa Cruz, CA 95060, USA. 2us. Geological Survey, Menlo
Park, CA 94025, USA.
*Corresponding author. Email: jwatt@usgs.gov

Watt et al. Sci. Adv. 2016;2:e1601441 19 October 2016

122°40'

122°55'

Pacific
Ocean

| 1989 M6.9
4 Loma Prieta M

4 [ lurban areas
0 510 20km
e

37°5'

Fig. 1. Map of the Hayward-Rodgers Creek fault zone in the San Francisco Bay
Area. Extent of the Hayward-Rodgers Creek fault zone shown in red (7, 2). Black lines
show other major faults (23, 44). White box shows study area. Cities are marked with
letters: AR, Alum Rock; H, Healdsburg; L, Livermore; O, Oakland; SF, San Francisco; SR,
Santa Rosa.
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RESULTS AND DISCUSSION

We acquired ultrahigh-resolution seismic-reflection cross sections (Fig. 2,
inset) of the shallow subseafloor across the previously inferred Hayward
and Rodgers Creek faults using a chirp subbottom profiler, which uses a
high-frequency sound source capable of resolving centimeter-scale defor-
mation of subsurface strata (16). Although the presence of free gas within
the bay sediments obscures imaging below ~5 m subbottom, these profiles
provide clear evidence of near-surface faulting along the Hayward fault
beneath the bay. Offset and warping of near-surface sedimentary strata
on 13 consecutive seismic profiles delineate a previously unrecognized,
northwest-trending strand of the Hayward fault that extends across San
Pablo Bay (Fig. 2). As the fault traverses the bay, it gently bends ~10°
to the right toward the Rodgers Creek fault. Vertical displacement in
the upper 2 to 5 m below the seafloor, as estimated by vertical separa-
tion of seismic reflectors, is very small (up to 20 cm). Where cross-
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fault correlations can be made, offset is predominantly down to
northeast (Fig. 3, A to C), with exception of the southernmost profile
(Fig. 3D), where offset is down to southwest. Horizontal offsets along
the fault are likely to be much larger; however, we were unable to
directly measure lateral displacement with these data. The offshore
fault strand is presently active because it offsets reflectors near the sea-
floor (Fig. 3) and it is associated with seismicity (Fig. 2, inset). These new
data represent the first direct evidence of active faulting along the
offshore extension of the Hayward fault and also provide a framework
for evaluating event-scale processes, somewhat akin to paleoseismic
trenches onshore.

The shallow deformation observed along the fault may be the result
of either coseismic slip (associated with a surface-rupturing earthquake),
interseismic creep, or a combination of the two. In San Pablo Bay, there is
a distinct along-strike surface creep rate gradient between 5.4 mm/year
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Fig. 2. Marine magnetic map of San Pablo Bay. Warm colors show magnetic highs, and cool colors show magnetic or dipole lows. Plus signs show locations of the offshore
Hayward fault along chirp seismic profiles. Thick red lines show Late Pleistocene and younger traces of Hayward and Rodgers Creek faults (23). Black lines are older Quaternary
faults (23). Thick gray lines show locations of seismic profiles in Fig. 3. Capital letters E, F, G, H, and J are discussed in the text. Black circles show exploratory well locations (5). Base
map, 2010 (1 m) National Oceanic and Atmospheric Administration Lidar. Inset: New Hayward fault strand (yellow) connecting directly to the Rodgers Creek fault. Gray lines show

locations of chirp seismic track lines. Small black circles show relocated earthquakes (22).
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Fig. 3. Chirp seismic profiles along the offshore Hayward fault. (A) to (D) are dis-
cussed in the text. Note vertical exaggeration of ~195:1. NW, northwest; SE, southeast.
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along the northern Hayward fault and 1.5 mm/year along the southern
Rodgers Creek fault (17). Although there are no observations of surface
creep in San Pablo Bay, repeating earthquakes identified along the
offshore Hayward fault trend (18) suggest that seismic Creep is occurring
along it.

The offshore strand of the Hayward fault imaged in seismic profiles
corresponds to distinct marine magnetic anomaly gradients in the bay,
providing evidence that the near-surface fault extends to depth. Marine
magnetic data were collected along closely spaced (200 m apart) profiles
(19), resulting in a high-resolution magnetic map of San Pablo Bay (Fig. 2),
where gradients in the magnetic map generally reflect lateral variations
in the amount of magnetite in rocks of the upper and middle crust. Lo-
cations of gradient maxima denote vertical or near-vertical boundaries
of magnetic source rocks. In San Pablo Bay, magnetic source rocks may
include a combination of serpentinite, Coast Range Ophiolite, and
Tertiary volcanic rocks. The anomaly wavelength is related to the depth
of the magnetic source, with long-wavelength anomalies (that is, anom-
aly F in Fig. 2) reflecting deep sources and short-wavelength anomalies
(that is, anomalies E, G, H, and ]) reflecting shallow sources. As the
fault traverses the bay, it follows the northeast boundary of prominent
(high-amplitude) magnetic anomalies E and F (Fig. 2). More subtle
(short-wavelength, low-amplitude) linear magnetic anomalies G, H,
and J (Fig. 2) along the fault likely reflect folding and/or vertical offset
of buried (~100 to 500 m subseafloor) Tertiary volcanic rocks within or
directly adjacent to the fault zone. The near-surface fault trace is also
colocated with steep east-facing gravity (Fig. 4) and tomographic (6)
gradients. The isostatic gravity gradient maxima highlighted in Fig. 4
results from the juxtaposition of dense Mesozoic basement rocks to
the southwest and less dense Tertiary basin fill deposits to the northeast
along the Hayward fault zone. Together, these geophysical data suggest
that the active near-surface fault identified in the seismic data extends to
seismogenic depths as a vertical or steeply northeast dipping structure.

At its southern end, the Rodgers Creek fault (20) branches into two
faults just north of San Pablo Bay (Fig. 4), with an eastern strand
following the main trend of the Rodgers Creek fault and a western
strand that diverges (by ~22°) from the main trend (21). Chirp seismic
data show no definitive evidence for offset in the near surface along the
projected eastern trace of the Rodgers Creek fault (Fig. 5) or along the
inferred orthogonal normal fault structures (7), defining an active
stepover basin beneath San Pablo Bay. The lack of shallow subsurface
offset does not preclude the existence of these previously mapped
structures but instead indicates that, if present, they are inactive or
have not produced near-surface slip within the age of the imaged
stratigraphic section.

The offshore Hayward fault points toward the western strand of the
Rodgers Creek fault along distinct linear gradients in topographic lidar
(Fig. 2) and isostatic gravity (Fig. 4). The northwest-southeast-trending
lidar lineament runs along the base of the hills northeast of Sears Point
(Fig. 2). The shape of the coincident gravity gradient (Fig. 4) suggests a
northeast-dipping contact. In addition, drill cores from onshore wells
(Figs. 2 and 4) document ~1 km of down to the northeast vertical offset
of the top of the Tertiary volcanic sequence. Together, these data strong-
ly suggest that the offshore Hayward fault connects to the western
strand of the Rodgers Creek fault through a releasing (extensional) bend
in northern San Pablo Bay. Further northward, as our proposed
Hayward-Rodgers Creek fault merges with the eastern strand of the
Rodgers Creek fault, it bends ~22° to the northwest, forming a re-
straining (compressional) bend. The transition from a releasing to
restraining geometry (double fault bend) is marked by changes in local
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topography, as the lowlands northeast of Sears Point give way to more
mountainous terrain near the fault intersection.

Although the Hayward and Tolay faults appear to connect in map
view (Fig. 4), geologic map relations (8) preclude major strike-slip offset
along the Tolay fault since the deposition of the Roblar Tuff (6.26 mil-
lion years ago). In addition, there is no definitive evidence for Quater-
nary offset along this fault (20), and geologic mapping at their
intersection (8) shows that the imbricate thrust faults of the Tolay fault
are cross-cut by near-vertical faults with northeast-side-down offset. On
the basis of the integrated geophysical, geologic, and morphologic evi-
dence for active faulting and structural continuity described above, we
conclude that the Hayward and Rodgers Creek faults are directly
connected at the surface north of San Pablo Bay (Fig. 5, inset).

KINEMATIC MODELING

To test this assertion, we examine the kinematic implications of direct
connectivity between the Hayward and Rodgers Creek faults with de-
formation models of both disconnected and throughgoing vertical fault
geometries (Fig. 6). The models have continuously slipping faults that
cause seismic and aseismic deformation to be included implicitly. We
compare model-predicted stress patterns with observations of fault de-
formation and seismicity (22).
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Fig. 4. Isostatic gravity map of San Pablo Bay. Map shows isostatic gravity
anomalies in San Pablo Bay (45-47). Thick dashed white line shows the location of
the horizontal gravity gradient maxima relative to the location of the Hayward fault
(black plus signs). Orange star shows the location of a steep tomographic gradient
along a seismic velocity profile (dotted black line) (6).
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Acknowledging that our onshore evidence for active faulting is not
as strong as the offshore, we construct a disconnected fault model (Fig.
6A) based only on the extent of near-surface offshore faulting and
onshore mapped Quaternary active faults (23). The relatively short du-
ration [5 ky (thousand years)] of this model run is not meant to simulate
long-term deformation but rather to show focused stress/strain that
might drive new fault formation. The disconnected fault model
(Fig. 6A) forecasts concentrated horizontal shear stress (a proxy
for strike-slip faulting) within a north-northwest-south-southeast
corridor between the offshore Hayward and the southern Rodgers
Creek faults, in agreement with morphological and geophysical in-
dications of faulting onshore.

Figure 6B represents our throughgoing fault bend model based on all
available data. The longer duration (100 ky) of this simulation includes
multiple earthquake cycles and thus averages the periods over which
pre- and postseismic transient deformation takes place. The zone of
greatest subsidence predicted in the throughgoing fault model (Fig. 6B)
is consistent with off-fault deformation observed along the seismic profiles
in the northern half of the bay. Here, seismic profiles reveal a subtle 2- to
3-km-wide elongate depression (Figs. 5 and 6B) along the Hayward
fault, indicative of a “lazy Z” (24) basin forming within a fault bend.
Also, secondary faulting and diffuse seismicity are coincident with areas
anticipated to accommodate active extension (Fig. 6B). Agreement be-
tween predicted stress patterns and observed deformation reinforces the
conclusion that the Hayward and Rodgers Creek faults are directly
connected through a fault bend. This geometric relationship has signif-
icant implications for seismic hazard and earthquake dynamics.

IMPLICATIONS AND CONCLUSIONS

Current earthquake rupture forecast models for California (25) consider
the Hayward and Rodgers Creek faults as separate segments that are
capable of rupturing together. The discovery of a fault strand directly
linking the Hayward and Rodgers Creek faults is particularly
noteworthy because this facilitates a simultaneous rupture of the
Hayward and Rodgers Creek faults (12, 13, 26, 27), potentially pro-
ducing an earthquake of up to M = 7.4 (28). This moment magnitude
represents the maximum estimate and is a function of fault length
and width (29), as well as a seismogenic-scaling factor, R, to account
for creep along the Hayward fault (30). To provide context, an event
of M = 7.4 would release more than five times the energy as the 1989
M6.9 Loma Prieta earthquake (Fig. 1) that caused 63 deaths and an
estimated $6 billion to $10 billion in property loss. It is important to
remember that the Loma Prieta earthquake was located outside the
urban San Francisco Bay Area, and therefore, the damage and loss of
life from a similar magnitude earthquake centered within the Bay
Area would certainly be much greater.

The occurrence of large multifault earthquakes (M > 7) along
strike-slip plate boundaries (12, 14) has drawn focus to the influence
of fault bends on earthquake physics and ground motion. Dynamic
earthquake simulations show that extensional strike-slip fault bends,
such as those documented in this study, can promote rupture prop-
agation and amplify ground motions (13, 14). In particular, the detailed
geologic structure within fault bends affects the ability of earth-
quakes to propagate through these discontinuities (15). Estimates of
shaking intensity from a M7.2 simultaneous Hayward-Rodgers Creek
scenario earthquake nucleating in San Pablo Bay (31) showed the
widespread distribution of very strong ground motions throughout
the San Francisco Bay Area and particularly within shallow basins
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Fig. 5. Seismic profilesillustrating subtle on- and off-fault deformation along the offshore Hayward fault in San Pablo Bay. (A to C) Seismic profiles and extended views of
corresponding profiles A and Cin Fig. 3. Note the presence of an elongate depression (blue arrows) along the Hayward fault in the northern portion of the bay. Black arrows mark
the inferred location of the Rodgers Creek fault (RCF). Dashed black line shows location of Hayward fault. Thin black lines indicate older or subsidiary fault structures. Yellow dashed
line shows the upper limit of subsurface gas layer. Note vertical exaggeration of ~330:1. Inset: Map of Hayward-Rodgers Creek fault (H-RCF, red line) showing location of seismic
profiles A to C (thick black lines). Blue line shows axis of depression along Hayward fault. Gray dashed lines show the previously inferred (4, 6) locations of the Hayward and Rodgers
Creek faults in San Pablo Bay. Yellow circles show relocated earthquakes (22). SW, southwest; NE, northeast.

beneath the cities of Santa Rosa, Livermore, and San Jose (Fig. 1).
However, this scenario was based on what was then considered to be
an unlinked stepover and given the documented sensitivity of near-field
ground motions to 3D fault geometry (14); ground motions in a linked
scenario may be considerably different.

In evaluating the potential for cascading rupture along the linked
Hayward-Rodgers Creek fault, we must take into consideration that
the path an earthquake rupture takes depends not only on fault geom-
etry and connectivity but also on other factors, including earthquake
history, stress imparted by past events, and the amount and distribution
of creep occurring along the faults (10, 12, 17, 32). Geodetic and paleo-
seismic evidence (17, 28, 33, 34) indicates that the Hayward and Rodgers
Creek faults have each accumulated enough stress to produce a large
earthquake. In addition, stress along the southern Rodgers Creek and
northern Hayward faults may be elevated as a result of static Coulomb
stress changes resulting from the nearby 2014 M6 Napa earthquake
(Fig. 1) (35). Estimates of the timing of the most recent event along
the Rodgers Creek fault and prehistoric events along the Hayward fault
allow the possibility of a combined rupture between 1715 CE and 1776
CE (2, 28). However, differences in fault frictional properties between

Watt et al. Sci. Adv. 2016;2:e1601441 19 October 2016

creeping and locked segments along the Hayward-Rodgers Creek fault
may inhibit cascading ruptures (17, 32), with the exception of large
earthquakes originating on the Rodgers Creek fault (17, 36). Currently,
the distribution of frictional properties along the Hayward fault be-
neath San Pablo Bay and along the southern Rodgers Creek fault is
very poorly constrained, and therefore, future studies focused on
characterizing the fault behavior and earthquake history of these
areas may provide valuable insight into the potential for through-
going rupture.

Distinguishing and characterizing presently active structures within
structurally complex and dynamic strike-slip fault bends is vital for
understanding the physics of large cascading ruptures and forecasting
their future occurrence. Active deformation within fault steps or bends
is often subtle (centimeter-scale) and/or distributed, where individual
faults may be blind and/or obscured by surface processes. This work
and similar structural investigations of fault bends and stepovers
(1, 2, 12, 37, 38) highlight the importance of integrative and multiscale
geologic/geophysical investigations at fault discontinuities for compre-
hensively documenting fault deformation and providing fundamental
science for achieving earthquake resilience.
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Fig. 6. Kinematic finite element models of the Hayward-Rodgers Creek fault in San Pablo Bay. (A) Model showing the predicted magnitude of horizontal shear stress after
5 ky of slip [9 mm/year (25)] along a disconnected Hayward-Rodgers Creek fault (red line). The model fault is relieving stress continually, except at fault endpoints. (B) Through-
going fault model showing predicted vertical deformation after 100 ky of slip. Gray lines indicate locations of seismic profiles shown in Fig. 5. See Materials and Methods for

detailed description of model methods and parameters.

MATERIALS AND METHODS
Here, we used a combination of specialized high-resolution geophysical
techniques to image the shallow structure beneath San Pablo Bay. We
collected approximately 200 line-km of seismic reflection data along
northeast- and northwest-trending profiles (Fig. 2, inset) spaced 1 km
apart using an Edgetech 512 chirp subbottom profiler that was towed
alongside the vessel on a sled at the sea surface (16). Data were acquired
using a 2- to 12-kHz sweep, with a 20-ms length fired six times per sec-
ond. Processing included subsampling at twice the sample interval,
static corrections, predictive deconvolution, and trace mixing. Because
of attenuation of the chirp signal by bay mud and persistent natural gas
layers in San Pablo Bay sediments, we were only able to image the upper
2to 5 m of the subseafloor. Vertical accuracy of the data is approximate-
ly 5 cm.

In addition, more than 1200 line-km of shipborne magnetometer
data were collected along traverses oriented similarly to the seismic

Watt et al. Sci. Adv. 2016;2:e1601441 19 October 2016

reflection data, with profiles spaced 200 m apart using a Geometrics
G-858 cesium vapor magnetometer attached to a pole extended about
2 min front of the ship’s bow (19). Data were collected at 0.1-s intervals,
resulting in an average station spacing of 0.5 m. Corrections were made
to remove the effects due to vessel heading, diurnal variations, and the
regional field (International Geomagnetic Reference Field). Data were
gridded to 50 m for interpretation (Fig. 2).

The 3D finite element models in Fig. 6 were constructed using the
commercial ANSYS code and were intended to estimate near-surface
and near-fault stress and deformation implied by geophysical observa-
tions. The range of possible models includes those with slipping fault
terminations, which, if embedded in an elastic representation of the
crust, can introduce stress singularities at the fault tips. Therefore, we
used element fracturing and accompanying plastic deformation to en-
able the model crust to deform at scales that are consistent with real-
world observations.
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The elastic/plastic upper crust was modeled using eight-node (in-
cluding midside nodes), breakable tetrahedral elements. The physical
properties of the upper crust were taken from measurements on fully
saturated Westerly granite and were described by four elastic constants:
Young’s modulus (E = 8.0 x 10* MPa), density (p =2.7 x 10° kg3 m ),
Poisson’s ratio (A = 0.25), and an internal friction coefficient (39-41).
The elastic/plastic elements were engineered by ANSYS to replicate rock
behavior; the elements behave elastically up to a critical stress level and
then exhibit permanent deformation through cracking. This happens
when the defined strength of the element is overcome by the calculated
differential stress magnitude. Failure occurs on planes defined by the
stress tensor and coefficient of internal friction for granite.

Crack formation is characterized by changing the solved-for stress-
strain relation in a direction that is orthogonal to the crack. Strength
reduction comes from loading, which induces sliding on the crack
plane. Multiple cracks can occur in response to evolving stress orienta-
tions. This process is calculated using the Willam-Warnke failure crite-
rion for three nontensional principal stresses (42). The models were
rotated so that the edges are parallel and orthogonal to the best linear
fit to the trend of the faults. The top of the model was unconstrained
(free surface) and started out with no relief. The eastern edges were
fixed, and the western edges were slipped at 9 mm/year (25) to cause
continuous fault slip. The model base was set to the maximum seismo-
genic depth of 15 km (25) and could move horizontally (without fric-
tional resistance) but not vertically. No other limits were prescribed
other than gravitational loading. We assumed that preseismic transient
deformation was balanced by coseismic slip and postseismic accommo-
dation (43). No deep after-slip or upper mantle postseismic effects were
modeled explicitly. Primary testable model results of interest are the
expected vertical displacements and stress concentrations that result
from fault slip.
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