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Abstract Recent geophysical imaging indicates that the Hayward Fault hard links to the Rodgers Creek
Fault at 5 m depth within the San Pablo Bay, CA, suggesting that earthquakes may be able to rupture
continuously through the fault network. To investigate fault propagation, interaction, and linkage in
segmented fault networks, including those within the San Pablo Bay, we simulate the development of two
idealized, underlapping faults within an extensional step over at seismogenic depths using work
optimization. We test the sensitivity of fault growth to strength anisotropy, material heterogeneities, and
initial fault geometry. The optimal faults propagate toward each other until linking with the other fault at its
tip and form a single hard-linked transverse fault. These faults propagate with relatively high propagation
power or rate of efficiency gain. Less efficient faults form wider basins and develop with reduced propagation
power. Models with initial fault geometries that more closely match the shallowly imaged Hayward and
Rodgers Creek faults suggest that the faults link at seismogenic depths if a mapped segment of the Rodgers
Creek that extends into the San Pablo Bay is currently inactive. Predictions of average slip rate, slip per
earthquake, and earthquake magnitude from these models closely match paleoseismic estimates. The hard
linkage of the Hayward and Rodgers Creek faults imaged in the near-surface, and predicted by these models,
increases local seismic hazard by increasing the upper limit of throughgoing earthquakes to M 7.6.

1. Introduction

In the San Francisco Bay area in CA, USA, the Rodgers Creek-Hayward Fault network is predicted to have the
highest likelihood of producing a >M 6.7 earthquake in the next 30 years (32%, Field et al.,, 2015). The sufficial
traces of the southern end of the dextral Rodgers Creek Fault and northern end of the dextral Hayward Fault
are separated by an extensional step over within the San Pablo Bay, to the northeast of San Francisco
(Figure 1). Interpretations of seismic reflection and refraction data indicate that within the upper 1-2 km
the Rodgers Creek and Hayward faults are laterally separated by ~4 km (e.g., Parsons et al., 2003). Recent
ultrahigh-resolution seismic reflection cross sections attained with a chirp subbottom profiler suggest that
a throughgoing transfer fault links the tip of the Hayward Fault with the Rodgers Creek Fault within 2-5 m
of the surface (Figure 1) (Watt et al., 2016). This geophysical imaging informs the present-day fault geometry
within the shallow subsurface (e.g., Watt et al., 2016). To assess seismic hazard in the San Francisco Bay region,
we must confirm if the faults are linked at seismogenic depths. Paleoseismic evidence and numerical models
show that seismic rupture is arrested when the perpendicular separation between segmented strike-slip
faults is >5 km and that rupture is more likely to propagate across step overs with smaller separations
(e.g., Harris & Day, 1999; Lettis et al., 2002; Wesnousky, 2008). Here we model the potential evolution of the
Hayward-Rodgers Creek Fault network to evaluate the possibility of their linkage at seismogenic depths
and assess the likelihood of ruptures to continue or arrest.

In order to gain a first-order understanding of fault growth within extensional step overs, we first simulate the
propagation and interaction of two idealized underlapping, planar faults. We model the propagation of these
faults in the directions that optimize work using the numerical modeling tool Growth by Optimization of
Work (GROW) (Madden, et al., 2017; McBeck et al., 2016). Following this investigation, we model interaction
between faults that more closely match the geometry of the southern strand of the Rodgers Creek Fault and
the northern strand of the Hayward Fault. Metamorphosed basement rock, such as the serpentinite in the
Franciscan Complex within the San Pablo Bay region (e.g., Wakabayashi, 1992), can exert a strong control
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Figure 1. (a) Context map with Google Earth image (map data: Google, SIO, NOAA, U.S. Navy, NGA, GEBCO, and Image Landsat/Copernicus) and quaternary faults
from USGS fault and fold database (white) (US Geological Survey and California Geological Survey). The red box indicates study area shown. (b) Fault geometry
of step over from previous interpretations in black dashed lines (Parsons et al., 2003) and more recent interpretations in solid gray lines (Watt et al., 2016).

on fault propagation path. Consequently, we investigate the sensitivity of fault growth to pervasive host rock
strength anisotropy for both suites of models.

2, Background

In this study, we investigate the interaction and linkage of planar underlapping faults, as well as the propaga-
tion of the Hayward Fault toward the Rodgers Creek Fault. We review past work on the evolution of idealized,
on the planar segmented fault networks, and on the regional tectonics of the San Pablo Bay.

2.1. Extensional Step Over Evolution in Anisotropic Host Rock

Understanding the evolution of propagating faults is key to constraining seismogenic hazard and identifying
potential fluid flow paths, including groundwater and hydrocarbons. Field observations, scaled physical
analog experiments, and numerical and analytical techniques have provided insight into the mechanisms
that control fault evolution (e.g., Cooke et al., 2016; Ferrill et al., 2007). Interpretations of field observations
provide critical constraints on the geometry of strike-slip faults separated by extensional step overs in crustal
environments (e.g., Mann et al,, 1983). Field observations suggest that extensional step overs initially develop
as narrow basins bounded by faults that directly connect the strike-slip fault segments (Figure S1 in the sup-
porting information) (e.g., Mann et al., 1983).

Segmented fault networks develop in mechanically anisotropic crust, where fault segments form along weak
interfaces (e.g., Morley, 2007). Interfaces that provide strength anisotropy include preexisting fracture sets,
sedimentary layering, schistocity, and other foliation (e.g., Chester & Fletcher, 1997). Field observations
suggest that preexisting basement fabrics (e.g., Morley et al., 2004), preexisting faults (e.g., Zampieri et al.,
2003), and stratigraphy within limestone and shale sequences (e.g., Ferrill et al., 2007) provide mechanical
anisotropy that influences fault development. For example, zones of weakness in prerift sediments or crystal-
line rocks have been observed to exert a first-order control on continental rift development (e.g.,
Cunningham & Mann, 2007; Daly et al. 1989; Dixon et al., 1987; McConnell, 1972; Morley et al., 2004;
Morley, 2007; Smith & Mosley, 1993).
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Quantitative monitoring of scaled physical experiments enables direct observation of the kinematic
evolution of step over fault systems (e.g., Cooke et al, 2013; Dooley & Schreurs, 2012; Hatem et al.,
2015; McClay & Dooley, 1995). Scaled physical experiments of extensional basin evolution indicate
that during the initial stages of basin development, obliquely slipping normal faults propagate from the
main fault segments and form a narrow graben connecting the segments (e.g., Dooley et al, 1999;
Dooley & Schreurs, 2012; Rahe et al,, 1998). The initial geometry of the parallel fault segments controls
the graben geometry: underlapping fault segments typically form elongate, rhomboidal grabens, while
overlapping fault segments develop box-like, rhomboidal grabens (e.g., Dooley & McClay, 1997; McClay
& Dooley, 1995).

Scaled physical experiments can also capture the influence of preexisting faults on fault development (e.g.,
Bellahsen & Daniel, 2005; Bonini et al., 1997; Del Ventisette et al., 2006; Dubois et al., 2002; Faccenna et al.,
1995; Henza et al., 2010; Sassi et al., 1993). Physical experiments reveal that both preexisting faults and the
orientation of principal stresses control the subsequent development of both compressional and extensional
structures (Del Ventisette et al., 2006; Henza et al., 2010). In addition, triaxial compression tests of layered
rocks show that the geometry of newly propagated faults changes with the orientation of the layering rela-
tive to the applied principal stresses (e.g., Peacock & Sanderson, 1992).

Numerical simulations allow analysis of the complete stress and strain field within segmented fault
systems (e.g., Burgmann et al, 1994; Cowie et al., 2000; Crider & Pollard, 1998; Kattenhorn & Pollard,
2001; Li et al.,, 2009; Willemse, 1997), and so provide additional constraints on the factors that control fault
development within anisotropic systems (e.g., Duan & Kwok, 2016; Duan et al., 2016; Gudmundsson et al.,
2010; Lisjak et al., 2014; Misra et al., 2015; Tong & Yin, 2011) beyond those gleaned from field observations
and physical experiments. For example, DEM modeling of borehole breakouts indicates that material
anisotropy exhibits a stronger influence on fracture development near the borehole when the borehole
is drilled perpendicular to bedding in simulated shale than when it is drilled parallel to bedding (Duan
& Kwok, 2016). In addition, an analytical solution for the distribution of stress produced by sliding on a
wavy frictionless fault within anisotropic material (Chester & Fletcher, 1997) indicates that as the magni-
tude of anisotropy increases, the patterns of shear failure within contractional and extensional step overs
become increasingly similar because the anisotropy controls failure to a greater extent than the variation
in fault geometry.

2.2. Regional Tectonics of the San Pablo Bay Area

The Hayward and Rodgers Creek faults are part of a complex fault network that lies to the east of the San
Andreas Fault, within the San Francisco Bay area of northern California, USA. The bedrock of this region is
primarily the Franciscan Complex, which includes variably deformed and metamorphosed rock from
sediments accreted along the western North American plate margin due to subduction of the Farallon slab
(e.g., Wakabayashi, 1992). After subduction ceased, major right-lateral strike-slip faults, including the San
Andreas, developed within the Franciscan to accommodate horizontal convergence across the Pacific plate
and western North American plate boundary (e.g., Wakabayashi, 1992). The Franciscan includes detrital
sedimentary rocks (mostly sandstones), serpentinite, basaltic volcanic rocks, chert, and minor limestone
(Bailey et al., 1964; Blake et al., 1984; Coleman, 2000; Wakabayashi, 2004, 2012). Near the San Pablo Bay,
the Franciscan Complex consists of a stack of coherent nappes separated by low-angle mélange zones that
were folded about NW-SE subhorizontal fold axes (Blake et al., 1984; Wakabayashi, 1992). The Franciscan
Complex is thus anisotropic from the mm to km scale, as it includes aligned minerals and folded mélange
zones (e.g., Bailey et al., 1964; Wakabayashi, 1992). The ~NW trend of the accreted nappes suggests that
the dominant strength anisotropy arising from aligned minerals and weak interfaces likely parallels or sub-
parallels the strikes of the Hayward and Rodgers Creek faults (e.g., Wakabayashi, 1992).

Recent interpretations of geophysical imaging within the upper 5 m of sediments in the San Pablo Bay
(Watt et al.,, 2016) refine the previously interpreted fault evolution of McLaughlin et al. (2012). These recent
interpretations suggest that at ~8 Ma, changes in plate motion lead to transpression and fault reorganiza-
tion within the San Pablo Bay (Watt et al.,, 2016). After this reorganization, a locally transtensional basin
developed between the southern segment of the Rodgers Creek and northern segment of the Hayward.
After ~7 Ma, the Hayward Fault propagated north toward and linked with the Rodgers Creek Fault
(Watt et al., 2016).

MCBECK ET AL.

EVOLUTION OF EXTENSIONAL STEP OVERS 3



@AG U Tectonics 10.1002/2017TC004782

3. Methods

To model fault evolution, we use the software GROW (GRowth by Optimization of Work) (Madden et al., 2017;
McBeck et al., 2016), which simulates fault growth using work optimization within materially heterogeneous
host rock with strength anisotropy. We detail the loading conditions, initial fault geometry, and material and
fault properties of models presented here.

3.1. Simulating Fault Development With GROW

GROW simulates fracture propagation within 2-D plane strain by adding elements to growing fracture tips in
the radial orientation that optimizes the resulting change in external work, W, divided by the added new
fracture area, AW,ey/AA (McBeck et al., 2016). In the 2-D systems considered here, W, may be calculated by
integrating over the loading path, L, the sum of the products of shear traction and displacement, z and u,, and
normal traction and displacement, o, and u,, integrated over the system boundaries, B:

Wext = JLg(TUs + Unpon)dBdL 1)

To find the boundary tractions and displacements required to calculate Wy, GROW repeatedly calls the
boundary element method program Fric2D (Cooke & Pollard, 1997). In Fric2D, boundaries and fractures are
discretized into linear segments that may open or slip, but not interpenetrate, in response to tractions or
displacements applied to the boundaries or perturbations from other fractures. Fric2D models simulate
2-D plane strain, in which the model is considered to extend 1 m in the third dimension. Thus, the fracture
area is the fracture length multiplied by 1 m.

In GROW, fractures stop propagating when fractures link with other fractures or the model boundaries, or
when none of the radial elements added to the tip of a fracture fail in tension or shear (McBeck et al.,
2016). An element fails in tension when the normal traction (tension positive) exceeds or equals the tensile
strength of the intact rock at the fault tip. A potential growth element fails in shear following the Coulomb
criterion, when the magnitude of the shear traction exceeds or equals the difference between the inherent
shear strength and the product of the internal coefficient of friction and normal traction across the
potential element.

3.2. GROW Fault Development in Anisotropic Systems

In order to predict the evolution of fracture networks in complex crustal materials, GROW parameterizes fault
propagation through material with anisotropic strength. This development provides a new functionality
since McBeck et al. (2016) and Madden et al. (2017). The strength anisotropy may be applied with one or more
of the host rock material properties used in GROW, such as the inherent shear strength or internal friction
coefficient. Anisotropy is set relative to a two-dimensional global coordinate system that is measured clock-
wise from the left horizontal plane. When a fault propagates, the orientation of the growth element relative to
this global coordinate system determines the value of the anisotropic property assigned to the element. This
value is identified in a look-up table that contains all specified global orientations and associated
property values.

GROW cannot yet simulate fault propagation through material with elastic anisotropy (e.g., Brownlee et al.,
2017). Pronounced anisotropic elastic properties could alter the local stress field and induce faults to deviate
from the work optimal path predicted in elastically isotropic systems. Because crustal rocks contain abundant
planes of weakness, we expect that the impact of strength anisotropy on fault propagation will exceed that of
elastic anisotropy of the host rock between the interfaces, and so only consider anisotropic strength in
this study.

Strength anisotropy may be present in host rocks with preexisting stratigraphic layering, fracture sets, or
metamorphic fabric (e.g., Chester & Fletcher, 1997). This function of GROW is particularly beneficial for
simulating fault propagation within the San Pablo Bay, because the NW-SE trend of the metamorphosed
Franciscan Complex provides strength anisotropy at a wide range of scales within the San Francisco Bay
region (e.g., Wakabayashi, 1992) and because wall rock strength appears to influence the distribution of
seismic activity on the Hayward Fault (Graymer et al., 2005).
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Figure 2. Construction of propagation forecasts of fault growth. (a) Distribution of AW,/AA calculated in initial search for efficient propagation path orientation
(red dots). The horizontal lines show the percentage, p, multiplied by the maximum AWe,/AA at the increment of growth, p%ﬂﬂ. (b) Close up of box in Figure 2a.
The blue rectangles indicate range of potential fault element orientations that produce AWey:/AA greater or equal to p 2% The squares show AW,y /AA calculated for

AA ¢

fracture geometries that include an element at each interpolated angle. Hypothetical distributions of AWe./AA with (c) narrow peak and (d) broad distribution.

3.3. GROW Propagation Forecasts

GROW is able to capture the epistemic uncertainties introduced by fault propagation and interaction within
heterogeneous materials by building propagation forecasts of fault growth (Madden et al., 2017). These
propagation forecasts outline the range of possible fracture paths due to the presence of heterogeneities
that may induce growing faults to deviate from the optimal propagation path. At each increment of growth,
GROW finds AW,,/AA produced by the addition of each potential element radial to the growing fracture tip
(Figure 2a). GROW then identifies the range of element orientations within a certain percentage of the
maximum AW,,/AA, which is the optimal growth direction. Next, GROW adds an element to the growing
fault at one of limits of this range, either the largest or smallest element orientation, and continues fault
growth from this new element tip. To develop the propagation envelope, two scenarios are modeled, which
reflect the two limits of the investigated AW,,./AA range.

When the differences between AW,,/AA produced by similarly oriented elements are small, the distribution
of AWey/AA is broad and produces a wide propagation forecast envelope (Figures 2c and 2d). A wide
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envelope indicates that local heterogeneities can promote propagation away from the optimal path. If many
propagation orientations are similarly efficient in an isotropic material, a fault may propagate into a weaker
area (with low tensile strength due to lesser lithification, for example) rather than into a neighboring area.
Conversely, when the differences between AWe,/AA produced by elements are large, the distribution of
AWeyi/AA has a well-defined peak, and the propagation forecast is narrow, closely enveloping the optimal
growth path (Figures 2c and 2d). In this case, fault propagation is relatively insensitive to local heterogene-
ities, and even if a host rock contains neighboring areas with somewhat higher and lower tensile strengths,
the stress field and fault geometry will continue to favor fault propagation along the most efficient orienta-
tion predicted in the isotropic system. We present the GROW propagation forecasts with the percentage of
the maximum AW,e,/AA equal to 90% and 95%.

3.4. Loading Conditions

To simulate the development of the Rodgers Creek and Hayward faults, we superpose the model boundary
displacements due to lithostatic confining stress and the displacements due to tectonic motion that accumu-
late over several thousand years. Relocated earthquake hypocenters (Waldhauser & Schaff, 2008; version
v201112.1) indicate that the seismogenic zone beneath San Pablo Bay extends from ~7 to 12 km. We calcu-
late the effective lithostatic stress at a depth of 12 km with the density of typical mafic rock (2,700 kg/m?3) and
density of fluid (1,000 kg/m?3). The fault parallel and perpendicular strains due to lithostatic stress are derived
using Hooke's 2-D plane strain relationships. To calculate the tectonic strains, we find the total strain
expected to accumulate over several thousand years from the components of the regional strain rate tensor
as constrained by geodesy (Pollitz & Nyst, 2005). The best fitting uniform horizontal strain field for the San
Francisco Bay region has principal strain rates of &, = 164.7 + 7.2 nanostrain/yr and €&,, = —157.9 + 6.9
nanostrain/yr oriented N74.0°W and N16.0°E, respectively, with contraction negative (Pollitz & Nyst, 2005).
A coordinate transformation of the principal strain rate tensor provides the components of the strain rate ten-
sor parallel and perpendicular to the fault strikes due to tectonic motion, & The total strain that accumulates
over t years due to long-term tectonic motion is then &;t. The total strain parallel and perpendicular to the
faults due to tectonic motion and lithostatic stress are summed and converted to displacements using the
initial width, w, and height, h, of the model domain. The normal displacements applied to the top model
boundary are calculated from the change in model height due to the total normal strain perpendicular to
the faults, he,,. The normal displacements applied to the right boundary are calculated from the change in
model width due to the normal strain parallel to the faults, we,,. We apply the displacements due to &, on
the model sides with a stepwise distribution across the faults.

We progressively increase the applied displacements until either the faults link or the total loading corre-
sponds to 5,000 years of deformation. This loading is suitable for simulating the steady state fault interaction
here because it encompasses several earthquake cycles, which have recurrence rates of 230 and 710 years
(e.g., Hayward Fault Paleoearthquake Group, 1999; Schwartz et al., 1992). Because low levels of loading do
not produce enough stress to induce fault propagation, the progressive loading begins with applied displa-
cements corresponding to 2,500 years of deformation, and then we increase the loading in steps of 500 years.
Because the faults within our models creep, we do not investigate slip events and instead each modeling step
captures the steady state deformation that would accumulate under the applied loading. It should be noted
that the dynamic effects of rupture propagation are not considered in this study and could impact
fault propagation.

3.5. Anisotropy of Internal Friction

Although laboratory strength experiments have been exacted on intact wafers of anisotropic rocks with folia-
tion planes of phyllosilicates (e.g., Collettini et al., 2009), constraints on the anisotropy of internal friction
within serpentinite have remained elusive. The direction of planes of weakness, which is captured by the
anisotropy direction in these models, is likely controlled by the orientation of foliation planes of weak miner-
als (e.g., Collettini et al., 2009; Escartin et al., 1997; Moore & Lockner, 2004). Within foliated metamorphic host
rock that contains serpentinite, such as the Franciscan Complex, preferential mineral alignment tends to
reduce the internal friction along one or a few dominant orientations (e.g., Collettini et al., 2009), and likely
at orientations within a few degrees of the preferred orientation. Accordingly, we define an internal friction
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Field observations suggest that the dominant anisotropy direction within the San Pablo Bay parallels or
subparallels the strike of the fault segments (e.g., Wakabayashi, 1992). Accordingly, we vary the orientation
of uM" from Gmin = 160-200°, as the orientation of the parallel segments of the faults is at 180°. We vary
pMn from 0.1 to 0.4 and keep p' constant at 0.6, consistent with laboratory strength measurements on rocks
containing weak mineral phases (e.g., Holdsworth et al.,, 2011; Lockner et al., 2011; Morrow & Lockner, 2001).

3.6. Initial Fault Geometry

We simulate fault growth in two suites of models that contain three unique initial fault geometries (Figure S2).
First, we study fault interaction within a simplified fault geometry, in which the perpendicular separation
distance between the underlapping, parallel, planar faults matches the approximate distance between the
subparallel strands of the Rodgers Creek and Hayward faults from Watt et al. (2016). In the second set of
models, the initial fault geometries follow those inferred from two sets of geophysical observations, including
earlier work (Parsons et al.,, 2003), and more recent imaging (Watt et al., 2016). Earlier geophysical data
indicate that the Rodgers Creek Fault extends far into the San Pablo Bay (Parsons et al., 2003), forming an
overlapping step over with the Hayward Fault. However, Watt et al. (2016) do not find evidence for activity
along this fault in the upper 2-5 m and map an underlapping step over within the bay. In order to shed
insight on the active geometry of the Rodgers Creek Fault, we develop models with two initial Rodgers
Creek Fault geometries that span this epistemic uncertainty (Figure S2) and model propagation of the
Hayward Fault.

In these 2-D plane strain models, the faults are considered to have vertical dips. Dipping faults could accom-
modate greater extension across this extensional step and subsequently greater local subsidence than the
modeled fault segments. Because the strike-slip rates along the underlapping strike-slip fault segments are
typically greater than their local dip-slip rates, the along-strike propagation of the faults is predominantly
driven by the strike slip along these faults, which is captured in the plane strain models.

3.7. Material and Fault Properties

The prescribed material properties represent mafic, metamorphosed rock similar to the Franciscan Complex
(Table 1). The coefficients of internal, static, and dynamic friction are within measurements from laboratory
strength experiments (e.g., Byerlee, 1978; Lockner et al.,, 2011). We use zero inherent shear strength and zero
tensile strength, which allows the widest range of potential fault propagation paths. Among these paths,
GROW finds the optimal path that produces the largest AW, /AA. Implementing low strength provides an
expeditious approach for finding the optimal orientation without having to determine scale-independent
representative crustal strength values. Correspondingly, we do not aim to simulate the number of years
required to propagate the faults, but rather to predict the long-term evolution of fault geometry in the
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Table 1 step over. Increasing the tensile or shear strength changes the magni-
Representative Intact Rock and Fault Properties Used in Models (e.g., Byerlee, 1978; 1 4o of the loading required for fault propagation, but the orientation

Lockner et al., 2011; Morrow & Lockner, 2001) K
of the most efficient element does not change.

Property Value . .

To determine the appropriate length of the fault and boundary ele-
Poisson’s ratio 025 ments, we perform a discretization analysis that is described in full
Young’s modulus 60 GPa . L . . _—
Bty 2700 kg/m’ in the supporting information. Systematic variation of element length
Tensile strength 0 MPa reveals that a length of 250 m provides a robust compromise between
Inherent shear strength 0 MPa the model solution (AWey/AA) and model run time (Figure S3).
Internal friction coefficient 0.6
Cohesion 0 MPa . ae . .
Static and dynamic friction coefficient 01 4, Predictions of Simplified Fault Development
Slip-weakening distance 2m First, we describe the predicted fault propagation paths and evolu-

tions of efficiency with fault growth in the planar, underlapping fault
configuration models. We examine the resulting propagation paths in host rocks with both isotropic and ani-
sotropic strengths. Propagation envelopes that consider heterogeneous material are investigated for the
isotropic models.

4.1. Propagation Forecasts of Simplified Faults

For the simplified fault models, the most efficient, or optimal, propagation path of each fault gently curves
toward the other fault until linking with the other fault (Figure 4a). The width of the basin between the
two faults increases as the sensitivity of fault propagation to heterogeneities is increased, that is, as the
propagation forecast decreases from 95% to 90% of optimal change in work (Figure 4a). The geometry of
the 90% propagation forecast defines the widest basin. The zone of the 95% propagation forecast is about
half as wide as the 90% zone and forms a shape similar to the narrow basins that develop early in extensional
step over evolution (e.g., Figure S1) (e.g., Mann et al., 1983).

The distribution of AW,,/AA in the first increment of growth provides insight into these resulting propaga-
tion forecasts (Figure 4b). In the first fault growth increment, for the elements added to the upper left fault tip,
the outside limit of the 95% propagation forecast is 4° from the optimal orientation, whereas the inside limit
of the 95% propagation forecast is 2° from the optimal orientation. This asymmetry to the AWe,/AA distribu-
tion produces an asymmetric propagation forecast that has a larger area toward the outside of the step over,
so that the outside limit of the propagation forecast is farther from the optimal path than the inside limit.
Over the first few growth increments, the inside limit of the 95% propagation forecast closely parallels the
optimal path and remains within 0.5 km of it (inner red line on Figure 4a). The asymmetry to these limits
indicates that small heterogeneities in the host rock are more likely to cause faults to propagate outside
the optimal propagation path.

The stress fields surrounding the underlapping fault tips produce the asymmetric distribution of AW,,/AA.
Elements added at orientations <180° to the growing fault tip do not fail in shear, and so AWe,/AA = 0 for
these elements (Figure 4b). These elements do not fail because the fault-parallel normal stresses are more
compressional outside of the step over, and so inhibit shear failure at these angles.

The evolution of AWe./AA over sequential increments of fault growth reveals how fault interaction
controls the propensity for growth and rate of efficiency gain (Figure 4c). Power is the rate of change in
work. Accordingly, the change in AW,,/AA over sequential increments of fracture growth is the propaga-
tion power of the fault system (McBeck et al, 2016). After the first increments of growth, the optimal
growth path gains efficiency at a faster rate than growth along the outside limits of the 95% and 90% pro-
pagation forecasts (Figure 4c), producing higher propagation power. The change in propagation power
reveals when the faults begin to interact via soft linkage and when they hard link. When the tips of the
faults begin to overlap across the step over, soft linkage is marked by an increase in propagation power
(Figure 4c, inset 2). The largest gain in efficiency and highest propagation power occur when the faults
hard link (Figure 4c, inset 3).

4.2, Simplified Fault Development Within Rock With Strength Anisotropy

Both the magnitude and direction of pervasive host rock strength anisotropy influence fault propagation
(Figure 5). In these parameterizations, we characterize the magnitude of anisotropy by varying the
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Figure 4. (a) Predicted fault geometries for simplified fault simulations of the opti-
mal propagation path (black), the 95% propagation forecast (red), and the 90%
propagation forecast (blue). The red lines inside the shaded region show the
inside limits of the 95% propagation forecast. The red and blue lines outside the
shaded region show the outside limits of the 95% and 90% forecasts, respectively.
The inset figure shows initial fault geometry and model boundaries (black) and
figure zoom (purple). (b) Distribution of AWey/AA produced by addition of one
element to the upper left fault tip. Orientation measured clockwise from fault tip.
(c) The evolution of AWey/AA for the optimal growth path (black) and the outside
limits of the 95% (red) and 90% (blue) propagation forecasts. The inset figures
show fault geometry when (1) faults begin to overlap, (2) after overlap but before
hard linkage, and (3) hard linkage. The colors of fault elements in insets are
AWexi/AA. Propagation power is the slope of the AWe,/AA curve.

minimum internal friction coefficient, ™", and keeping the maximum
internal friction coefficient at 0.6 (Figure 5a). We characterize the
direction of anisotropy by changing the orientation of the minimum
internal friction coefficient, Omin, from 160 to 200° clockwise from
the left horizontal plane.

When faults propagate through material with the highest magnitude
of anisotropy tested, p™" = 0.1 and O, = 160° the resulting fault
geometry matches that for the isotropic model (Figures 5a-5c). For
this system, the distribution of AW,,/AA produced by all potential
growth elements in the first increment of growth has two peaks:
one at the weakest direction of the material (6min = 160°) and one
at the optimal orientation arising from the fault tip stress field (200°)
(Figure 5b). However, AW,.,/AA at 160° is less than AW,/AA at
200°, producing fault propagation at 200° in the first growth incre-
ment and indicating that the influence material anisotropy is weaker
than the influence of the fault tip stress field. However, when
Omin = 180° the magnitude of AW,,/AA at 180° is sufficient to shift
the optimal orientation from 200° to 180°. The increase in AW,y pro-
duced by the addition of the 180° fault element arises from the lower
ulin along this element, which allows for more slip and, consequently,
lower tractions along the boundaries to accommodate the applied
displacements. In this case, the material anisotropy has greater influ-
ence on fault propagation direction than the fault tip stress field.
When 0, = 200°, the preference for fault growth along this orienta-
tion, which is the same as the optimal orientation for the isotropic
models, promotes linkage of the faults (Figure 5c).

The magnitude of the anisotropy (ug™ pn) influences the
predicted fault geometry when 6,,;, differs from the most efficient
orientation of the isotropic system identified in the first increment
of growth (Figures 5d-5i). When 6O, = 180° and the magnitude
of the anisotropy is greatest (uI™ = 0.1, pI'™* = 0.6), the faults
propagate parallel to the weakest direction of the host rock
(Figures 5d-5f). In simulations with lower anisotropy (pJ™ > 0.1,
pg® = 0.6), the faults initially propagate parallel to each other
(in-line propagation), and then propagate toward each other at
shallow angles, propagating just outside of the regions of highest
efficiency in the isotropic model’s propagation forecast envelopes
(Figures 5d-5f). In the first increment of fault growth, the gain in
efficiency of new faults orientated along 6,,;, = 180° is sufficient
to shift the optimal propagation direction from 200° to 180° for all

tested strengths (Figure 5e). However, after the first increment of growth, the faults do not propagate
along the weakest direction of the host rock in systems with pf™ > 0.1 (Figure 5f). After the first initial
increments of fault growth, the influence of the fault tip stress field is greater than the influence of the
material anisotropy. When i, = 200° and pJ'"" ranges from 0.1 to 0.4, the overall predicted fault geome-
try remains unchanged (Figures 5g-5i).

5. Predictions of Hayward Fault Propagation

To investigate the linkage of the Hayward and Rodgers Creek faults, we simulate the propagation of the
Hayward Fault in two models with fault geometries that differ in the length of modeled Rodgers Creek
Fault. This represents the epistemic uncertainty in the active Rodgers Creek geometry at the time that the
Hayward Fault propagated. In one model, the Rodgers Creek Fault initially forms an overlapping step over
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with the Hayward Fault, following the geometry inferred from early geophysical imaging that identified the
extension of the Rodgers Creek Fault within the San Pablo Bay (Parsons et al., 2003). In the other model, the
active Rodgers Creek Fault initially forms an underlapping step over, following the geometry inferred from
recent geophysical imaging that did not find evidence of recent slip along the Rodgers Creek Fault within
the San Pablo Bay (Watt et al., 2016).
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Figure 6. Optimal path (gray) and propagation forecasts (red) of Hayward Fault
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optimal Hayward propagation in anisotropic systems for (c) underlapping and
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tropic systems with ¢ = 30° pf" = 0.1, uI"™* = 0.6, and Opyin = 180° shown in red and

Omin = 200° shown in blue.

5.1. Propagation Forecasts of the Hayward Fault in Isotropic
Host Rock

In both models with initially underlapping and overlapping steps, the
Hayward Fault propagates to the north and then links with the Rogers
Creek in final configurations that resemble those found by Watt et al.
(2016) (Figure 6). In the underlapping step over simulation, which
represents the configuration when this portion of the Rodgers Creek
Fault within the San Pablo Bay is inactive, the inferred trace of the
Hayward Fault lies within the 90% propagation forecast envelope
(Figure 6a). In the overlapping simulation, the inferred Hayward
Fault trace lies mostly outside of the 90% propagation forecast,
with only the leftmost (northwest) edge of the 90% propagation fore-
cast intersecting a <1 km portion of the inferred Hayward trace
(Figure 6b). The optimal Hayward fault propagation path predicted
in the underlapping step over simulation is closer to the geophysically
inferred Hayward trace than the optimal path predicted in the
overlapping step over simulation.

5.2. Hayward Fault Propagation in Anisotropic Rock

Similar to the models with simplified fault geometries, in these
models, we vary 6, from 180° to 200° to capture the range of the
dominant strength anisotropy direction in the region (e.g.,
Wakabayashi, 1992). When the 6,,;, = 160°, the resulting fault propa-
gation paths match the propagation paths predicted in the isotropic
system. In both suites of models with differing Rodgers Creek Fault
geometries, when O, = 200°, the predicted Hayward Fault propaga-
tion paths are within 0.5 km of the geophysically inferred fault trace
along its entire length (Figure 6c¢). In the overlapping step over model
with Onin = 180°, the predicted Hayward Fault path curves toward the
Rodgers Creek Fault at a sharper angle than the geophysically inferred
fault trace (Figure 6d). In general, propagation of the Hayward Fault in
the underlapping step over model is less sensitive to the tested 20°
range of Onin (Figure 6¢) than in the overlapping step over model
(Figure 6d). In the underlapping step over model with 8, = 180°,
the predicted path of the Hayward Fault coincides with the inferred
Hayward trace along >90% of its length.

The reduced sensitivity of the Hayward Fault propagation path to
Omin in the underlapping step over model indicates that the local
stress field near the Hayward Fault tip exerts greater influence on
its growth than in the overlapping step over model. This dominance
of the local stress field over material strength anisotropy is
supported by the elevated mode Il stress intensity factor at the
propagating Hayward Fault element tip in the underlapping step
over model (2,248 MPa * m'’?) relative to the overlapping step over
model (2,064 MPa * m'/3).

Propagation of the Hayward Fault within an initially underlapping
step produces the geophysically inferred fault geometry of the
Hayward Fault (Watt et al., 2016) with isotropic strength. This agree-
ment between predicted and inferred fault geometry remains
consistent for a range of strength anisotropy directions in the
underlapping step over model. However, in the overlapping step
over model, the predicted fault propagation paths differ from the
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geophysically inferred trace in isotropic host rock when the aniso-
tropic direction is <200°.

6. Discussion

The simplified fault geometry simulations presented here shed
insight on the interaction of underlapping, planar, parallel faults as
they grow into an extensional step over, and the evolution of
mechanical efficiency of the fault system due to fault growth and link-
age, in both isotropic and anisotropic strength host rocks. We discuss

the implications of the propagation paths predicted by work optimi-

Figure 7. Strain energy density (SED) field of planar fault model with initial fault ~ zation in models with the differing fault configurations and the

geometry.

seismic hazard implications of the northern end of the Hayward fault
linking with southern end of the Rodgers Creek fault.

6.1. Growth of Planar Underlapping Faults Within an Extensional Step in Heterogeneous and
Anisotropic Rock

We find that pervasive host rock anisotropy can exert a significant influence on fault development. Both the
magnitude and direction of host rock strength anisotropy can impact fault propagation, interaction, and link-
age. A difference in internal friction coefficient of 33%, from 0.6 to 0.4, is sufficient to cause the predicted
propagation paths to deviate from those for the isotropic system (Figure 5). A difference in the anisotropy
direction of 20° can alter the predicted propagation paths when the anisotropy orientation promotes fault
growth into the less compressional region of the step over between the fault segments. The range of the fault
propagation forecasts considered for models with isotropic host rock represents the potential impact of small
local heterogeneities on fault growth. The degree of heterogeneity considered by a particular propagation
forecast (e.g., 95% of maximum AW,,.) depends the total internal work stored in the system. Here we find
that the tested range of host rock strength anisotropy produces fault propagation outside the 90% of
AW,y isotropic forecast envelope (Figure 5). This result indicates that larger envelopes that arise from greater
heterogeneity sensitivity would be required to capture the effects of the tested range of host rock strength
anisotropy when simulating fault propagation through isotropic host rock. Consequently, using propagation
forecasts that consider heterogeneity as a proxy for host rock anisotropy may not provide reliable predictions
of fault propagation.

6.2. Predictions of Fault Propagation Using External Work Versus Strain Energy Density

Previous numerical approaches have predicted that faults will grow into regions with high strain energy
density (SED), which are regions of stored host rock deformation (e.g., Del Castello & Cooke, 2007; Du &
Aydin, 1993; Okubo & Schultz, 2005; Olson & Cooke, 2005). Fault propagation into high SED regions should
produce a higher gain in efficiency than fault propagation into low SED regions because the resulting greater
fault slip will reduce the work done in internal host rock deformation, that is, the internal work (Cooke and
Madden, 2014), reducing the total external work. The SED field, including both the dilational and distortional
components, around the initial fault tips in the planar fault simulations is lower between the fault tips than
outside of the step (Figure 7) because the fault parallel normal stresses are less compressional between
the tips and the local tension offsets the overall lithostatic compression. However the distribution of
AW,/ AA for all potential growth elements in the first increment of growth (Figure 4b) reveals that the higher
compressive stresses outside the step over prevent elements oriented at <180° from failing. The most
efficient orientation in the first increment of growth is within 20° of the initial fault strike, but on the inside
of the step over where SED is lesser. This preferred element orientation indicates that there is a competition
between fault propagation into regions with high stresses and strains, producing high SED, and the clamping
of potential fault elements by more compressional normal stresses that prevent failure and propagation into
those high SED regions. Work optimization provides a more robust prediction of fault propagation than SED
distribution alone.

6.3. Fault Geometry Within San Pablo Bay

The match of the modeled Hayward Fault geometry to the geophysically inferred geometry in simulations
with an underlapping initial step over geometry suggests that the mapped portion of the Rodgers Creek
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each fault.

Fault within San Pablo Bay was inactive when the Hayward Fault propa-
gated through the bay. Marine magnetic anomalies, gravity gradients,
and seismic reflection data provide evidence of slip along the
Hayward Fault within the upper 5 m of the San Pablo Bay (Watt et al.,
2016), and these data do not indicate recent slip along the potential
portion of the Rodgers Creek Fault that lies within the bay, which was
mapped from deeper geophysical data (Parsons et al., 2003). The pre-
dicted fault geometries do not exclude the possibility that the Rodgers
Creek Fault was active in this location before growth of the Hayward
Fault and its linkage to the Rodger Creek Fault. The models presented
here are consistent with the more recent interpretations, which suggest
that the activity on the southern Rodgers Creek Fault is limited to
northwest of the bay (Watt et al., 2016).

The similar fault propagation paths predicted in simulations with different
anisotropy directions and the same initial fault configurations indicate
that the local fault tip stress field controlled the fault propagation paths
to a greater degree than the host rock anisotropy tested here (Figure 6).
The difference in predicted paths between models with different initial
fault configurations further reveals this control of local stress field on
propagation path. The differing initial fault configurations produces
differing local fault tip stress fields that promote fault growth along
different trajectories.

6.4. Seismic Hazard in San Pablo Bay Area

To assess the seismic hazard implications of a hard link between the
northern Hayward and southern Rodgers Creek faults at seismogenic
depths, we calculate the slip per event in two models that both terminate
the active Rodgers Creek Fault near the bay edge: in one model the faults
are connected, and in the other, they are not connected (Figure 8). To esti-
mate earthquake magnitude from these models, we use the average slip
along the modeled faults, the recurrence interval of the faults estimated
from historical and paleoseismic data, and the empirical relationship of
average slip to moment magnitude of Wells and Coppersmith (1994). We

estimate the modeled slip per event as the average slip rate along the two faults divided by the number
of earthquakes expected to occur within the simulated time interval (2,500 years). We find the expected num-
ber of earthquakes as the simulated time interval divided by the recurrence intervals for the Rodgers Creek
and Hayward faults, which are 230 and 710 years, respectively (Hayward Fault Paleoearthquake Group,

1999; Schwartz et al., 1992).

The model with the connected faults produces higher average slip rate (5.4 mm/yr) and slip per event
(1.3-3.9 m) relative to the unconnected fault model (4.4 mm/yr, 1.0-3.1 m), because fault linkage facilitates
slip transfer between the faults. The low slip along the portion of the Rodgers Creek Fault to the southeast
of the linking segment highlights the transfer of dextral slip from one fault to the other across the linking
segment (Figure 8). The reported range in slip per event reflects the range in recurrence interval estimated
for the Hayward Fault and Rodgers Creek Fault. The minimum estimates of average slip per event from both
models (1.3 m and 1.0 m) are similar to estimates of slip per event derived from paleoseismic data near the
southern end of the Rodgers Creek Fault from offset channels in late Holocene alluvial deposits at the Beebe
Ranch site (1.8-2.3 m) (Budding et al., 1991; Schwartz et al.,, 1992) and an offset channel at the Triangle G
Ranch site (1.6-3.4 m) (Hecker et al., 2005). The largest surface rupture estimated for the Rodgers Creek
Fault at the Beebe Range site (2.8-5.4 m) (Budding et al., 1991) more closely matches the maximum estimates
of slip per event from both models (3.9 m and 3.1 m). The estimates of slip per event from both models are
also similar to geodetically inferred slip in the 1868 Hayward Fault earthquake (1.4-2.3 m) (Yu & Segall, 1996).
We cannot use the model estimates of average slip per event to discriminate between the connected and
segmented fault geometries as both models agree with paleoseismic estimates.
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The estimates of average dextral slip rate in both models (5.4 mm/yr and 4.4 mm/yr) are lower than geologic
estimates. The latest Pleistocene to Holocene slip rate for the northern Hayward Fault section is constrained
from dextral offset of a marine-abrasion-platform embayment in the Point Pinole area (site 55a-1, 3.5 mm/yr)
(Borchardt, 1998). Offset channels at the Beebe Ranch site indicate that the dextral slip rate of the Rodgers
Creek Fault is 6.4-10.4 mm/yr (Schwartz et al., 1992), with a minimum slip rate of 2.1-5.8 mm/yr for the past
1,300 years (Budding et al., 1991). This discrepancy between the geologic measurements and model results
likely occurs because the field measurements were taken outside of the San Pablo Bay region, where fault
geometry is simpler. In contrast, the model results indicate average slip rate within the San Pablo Bay, where
the local fault complexity likely reduces strike-slip rates. The Triangle G and Beebe Range sites are along the
Rogers Creek Fault ~15 km northwest of the edge of the San Pablo Bay and consequently lie just outside the
left (northwest) edge of our model domain.

Empirical relationships of average surface slip per event to moment magnitude indicate that the range in
average earthquake magnitude from estimates of both models is M 7.1-7.6 (Wells & Coppersmith, 1994), with
the larger magnitude corresponding to the linked fault system. This range agrees with estimates from
geodetically inferred slip on the Hayward Fault in the 1868 earthquake (M 7) (Yu & Segall, 1996) and
estimates from historical earthquakes and paleoseismic slip rates due to the combined rupture of the
Hayward and Rodgers Creek faults (M 7.09-7.39) (Schwartz et al., 2014).

Although these results do not allow us to distinguish the likelihood of a fully linked versus a segmented fault
system within the step, it is clear that both can produce destructive earthquakes. Because the modeled
growth of the Hayward Fault matches the geometry inferred by Watt et al. (2016), which includes linkage,
we emphasize that this hard-linked fault configuration has the potential to produce earthquakes up to M 7.6.

7. Conclusions

To investigate the geometry of the Rodgers Creek-Hayward Fault system at seismogenic depths in the San
Pablo Bay, we simulate the propagation and interaction of the northern Hayward Fault and the southern
Rodgers Creek Fault. Simulations of fault evolution in extensional step overs between planar faults produce
geometries similar to those observed in the early stages of extensional step over development (e.g., Mann
et al,, 1983). Propagation forecasts of fault development suggest that the optimal configuration of the first
linking structure between two underlapping faults in an extensional step over is a single transfer fault
(Figure 4). Less efficient propagation paths defined by propagation forecast envelopes form wider basins
as the propagation power, or rate of efficiency gain, decreases. Depending on the orientation and magnitude
of host rock strength anisotropy, either anisotropy or the local fault tip stress field controls the fault propaga-
tion path (Figure 5). For the growth of parallel faults in an initially underlapping extensional step over, the
orientation of the planes of weakness must be within 20° of the initial fault strike to impact the fault propaga-
tion path. The magnitude of the weakest orientation of anisotropy must be 33% less than the maximum
strength to cause the predicted fault propagation paths to deviate from those in isotropic rock.

Models with more realistic initial fault geometries support a step geometry in which the Rodgers Creek Fault
does not extend far into the San Pablo Bay, as proposed by Watt et al. (2016). These models predict Hayward
Fault propagation that more closely matches the inferred geometry than models with an initially overlapping
step in all but one simulation (Figure 6). When the anisotropy direction is 20° from the Rodgers Creek Fault
strike, both simulations with initially underlapping and overlapping steps produce Hayward Fault geometries
similar to the geophysically inferred trace. In models with an initially underlapping step, a difference of 20°in
the anisotropy direction only minimally changes the predicted Hayward Fault propagation path, indicating
that fault propagation is relatively insensitive to changes in anisotropy direction for this step over configura-
tion. Our model results suggest that the expected host rock strength anisotropy of this region promotes
linkage between the Hayward and Rodgers Creek faults in San Pablo Bay. This linkage has the potential to
produce earthquakes as large as M 7.6 (Figure 8).
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