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1.  Introduction
The last major earthquake (Mw = 6.9) to strike the San Francisco Bay Area in 1989 killed 63 people, injured 
thousands, and cost upwards of $20.5 billion in 2021 US dollars (U. S. Geological Survey Staff, 1990; National 
Research Council, 1994). The greater Bay Area now hosts almost 2 million, or ∼29% more people than it did 
in 1989 (according to stats from the “Bay Area Census,”  2020; and the “State of California Department of 
Finance,”  2020), making it the world's 19th largest economy when viewed as a sovereign nation (Bay Area 
Council Economic Institute,  2018). Yet, this growth has occurred within an area where a complex array of 
strike-slip and reverse faults are capable of generating large, damaging earthquakes (Field et al., 2017; Sykes 
& Jaumé, 1990). Hazards posed by many of these faults can be assessed directly using space geodesy (Segall 
& Lisowski, 1990), historic seismicity (Ellsworth, 1990), and paleoseismology (Schwartz et al., 1998, 2014). 
But many hazards within this area may result from motion along reverse faults, whose geometries and lack of 
surface-rupturing earthquakes make them particularly difficult to characterize (McCalpin, 2009), posing some 
of the highest risks to the region and, by extension, the national economy. While conventional methods may fail 

Abstract  The 1989, Mw = 6.9 Loma Prieta earthquake resulted in tens of lives lost and cost California 
almost 3% of its gross domestic product. Despite widespread damage, the earthquake did not clearly rupture 
the surface, challenging the identification and characterization of these hidden hazards. Here, we show that 
they can be illuminated by inverting fluvial topography for slip-and moment accrual-rates—fundamental 
components in earthquake hazard assessments—along relief-generating geologic faults. We applied this 
technique to thrust faults bounding the mountains along the western side of Silicon Valley in the San Francisco 
Bay Area, and discovered that these structures may be capable of generating a Mw = 6.9 earthquake every 
250–300 years based on moment accrual rates. This method may be deployed broadly to evaluate seismic 
hazard in developing regions with limited geological and geophysical information.

Plain Language Summary  Large, shallow earthquakes nucleated along geologic faults promoting 
vertical motion of rocks produce instantaneous uplift of the Earth's surface on the order of meters. This 
process and the intervening deformations, repeated over thousands of earthquake cycles, build up mountain 
ranges, which are subsequently carved by rivers thanks to the action of climate forces counteracting tectonic 
uplift. Consequently, the incision pattern along mountain rivers, resulting from rock resistance to erosion 
and long-lived distribution of fault-induced rock uplift, contains information about the past activity of 
underlying relief-generating faults. Our study tested this fundamental idea, integrating the topography with 
simple, yet standard mechanical and erosional modeling, to estimate the accrual of earthquake magnitude 
potential over time. We applied this new methodology, particularly useful to illuminate hazards posed by 
difficult-to-characterize-faults not well exposed to direct observation, to the fault-bounded mountains along the 
western side of the San Francisco Bay Area. We discovered that a quake of similar size to the 1989 Loma Prieta 
event, the last devastating earthquake affecting this populous economic hub, could occur every 250–300 years. 
More importantly, given the wide availability of topographic datasets, this method may be deployed broadly to 
evaluate seismic hazards in poorly instrumented and studied areas.
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to delineate these hidden threats, the topography that has been built by slip along crustal faults should contain 
important information about rates at which seismic moment may be accruing. Our contribution tests this funda-
mental idea, using the topography with mechanical and erosional modeling to estimate moment accrual-rates—a 
primary input to any probabilistic seismic hazard assessment—along reverse faults of the western Bay Area.

2.  Background and Methods
2.1.  The Santa Cruz Mountains Restraining Bend and the Sierra Azul

We focus our modeling on the Shannon-Monte Vista and Berrocal-Sargent fault zones (hereafter referred to as 
the Foothills Thrust Belt or FTB, Figure 1), which are thought to be capable of producing a Mw = 7.1 earthquake 
(Bürgmann et al., 1994, 1997; Field et al., 2017; Hitchcock & Kelson, 1999; Mclaughlin et al., 1999; Tuttle & 
Sykes, 1992; Yu & Segall, 1996). These reverse faults have apparently formed due to an ∼11° left-bend in the 
San Andreas Fault, which converts shearing into contraction (Anderson, 1990, 1994; Aydin & Page, 1984) and 
leads to the construction of the >1.2-km-high Southern Santa Cruz Mountains or Sierra Azul (hereafter referred 
to as SA) (Figure 1). While the Pacific Block has been advected through the restraining bend, the North Amer-
ican (Bay) Block has remained relatively immobile (Baden et al., 2022). The most recent recorded significant 
earthquake that may have occurred along these structures, of M = 6.5, was in 1865 A.D. (Ellsworth, 1990; Tuttle 
& Sykes, 1992; Yu & Segall, 1996). However, knowledge of the frequency of these and larger earthquakes is 
limited by the unfavorable geometry of the faults for performing paleoseismology studies, urban development 
in the area, and a lack of earthquake-related deposits, all of which hamper efforts to understand rates at which 
seismic moment may be accruing. Fault-offset terraces, which serve as markers of past river levels, and piedmont 
deposits provide some information about their Quaternary slip rates (∼0.45 mm/a) (Hitchcock & Kelson, 1999; 
Mclaughlin et al., 1999), but the location of available sites and a lack of age control obscures the potential hazard 
that they pose.

Previous geologic mapping and geophysical imaging constrain the surface outcroppings of rocks and subsur-
face geometries of faults (see Supporting Information S1). Slip along the range-bounding thrusts (Mclaughlin 
et  al.,  1999) has caused average rock uplift-rates of ∼0.8–1.2  mm/a over the last 4  Ma in the southern area 
(Bürgmann et  al.,  1994) (Figure 1a). This uplift stands in contrast to adjacent areas located northeast of the 
range, where thick Pliocene-Holocene deposits of the Santa Clara Valley indicate stability, and possibly subsid-
ence during this time (Langenheim et al., 2015). Elevations within the SA reach their maximum at locations 
where the bend in the San Andreas Fault is tightest, decreasing to the northwest and southeast of these areas 
(Figure 1a) (Anderson, 1994). Within this broad pattern, we expect that topography is generally steeper in rock 
types thought to be more resistant to erosion (e.g., well-indurated sandstones) than in, for example, mudstones 
(Stock & Montgomery, 1999). Together, these observations indicate that topography within the SA depends on: 
(a) the rates of rock uplift caused by the bounding reverse faults that slip in response to strike-slip motion along 
the San Andreas Fault, as well as (b) the distribution of rock-types exposed to erosion within the range (Figure 1).

2.2.  A Model Coupling Geomorphology With Plate Motion

Complementary theories exist for predicting both of the aforementioned factors. Boundary Element Method 
(BEM) models can estimate how plate motion is partitioned between faults within the crust, and predict how 
fault slip uplifts rocks near the surface (e.g., Marshall et al., 2009). The stream power incision rule predicts how 
erosion rates, assumed equal to uplift-rate, vary with watershed area, channel slope and resistance of exposed 
rocks (Stock & Montgomery,  1999; Whipple & Tucker,  1999). We combine these theories with a nonlinear 
inversion scheme (see Supporting Information S1) to estimate far-field, long-term plate motions responsible for 
slip along structures surrounding the San Andreas Fault, and the erodibility of the exposed rock-types (Graymer 
et al., 2006), based on observed channel elevations within the SA (Figure 1). First, we used published geologic 
mapping and geophysical imaging to discretize the geometry of these structures and assemble a 3D triangular 
mesh (refined to achieve mesh-resolution independent results) to be input in the BEM code tribemx (Figure 1c; 
see Supporting Information S1; Figures S1 and S2; Data Set S1 in Supporting Information S1). Faults are repre-
sented as traction-free surfaces embedded in an elastic half-space free of gravitational loads, and are not allowed 
to displace in the element-normal direction. This boundary condition imposes a strike-and dip-slip displacement 
along the faults, with a rate that depends on the geometry of the model and on the imposed far-field load. In the 
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forward problem, far-field displacement rates prescribed along the edge of the model (𝐴𝐴 ⃖⃗𝑣𝑣 [L/t]) simulate plate 
motion and excite slip along these structures via a horizontal, traction-free lower boundary that is not allowed to 
displace in the vertical direction (Figure 1c; Figure S1 in Supporting Information S1) (e.g., Marshall et al., 2009). 
This configuration is used to construct Greens functions relating plate motion to vertical displacement rates (𝐴𝐴 𝑼𝑼 
[L/t]) at all channel points. By explicitly prescribing the surfaces of the FTB faults for modeling topographic 

Figure 1.  Tectonic and geologic setting. (a) Tectonic, structural and morphological configuration of the Santa Cruz 
Mountains restraining bends of the San Andreas Fault. Thick black curves are traces of the San Andreas and Foothills 
Thrust Belt (FTB) (Berrocal-Sargent and Shannon-Monte Vista) faults modeled in this study; thin gray lines correspond to 
other faults mapped in the region. Large black-white arrow shows geologic, relative motion vector between North American 
(NA; stable) and Pacific (PA) plates (Argus et al., 2011). Green and yellow stars denote the locations where long-term, rock 
uplift-rates have been measured in the Sierra Azul (SA) (Bürgmann et al., 1994) and Bay Area (Langenheim et al., 2015), 
respectively. Colorbar shows elevation. (b) Map centered at the SA showing all measured channel points color-coded by 
lithology (Graymer et al., 2006). Text inset below explains rock-type and age for the 21 bedrock lithologic classes used to 
constrain erodibility (𝐴𝐴 𝐴𝐴 in Equation 1). Yellow circles are the outlets of all the identified channels (𝐴𝐴 𝐴𝐴out  = 220). (c) 3-D view 
to the north-west showing the geometric arrangement of faults (see also Figure S1 in Supporting Information S1) used to 
compute Green functions of slip-rates and rock uplift-rate (𝐴𝐴 𝐴𝐴 ) in response to prescribed, far-field plate motion 𝐴𝐴 ⃖⃗𝑣𝑣 (Equation 1; 
with 𝐴𝐴 𝒗𝒗𝒔𝒔 shear [+right-lateral] and 𝐴𝐴 𝒗𝒗𝒏𝒏 normal [+extension] components). Horizontal semi-transparent rectangle (with north 
arrow) outlines the area shown in (a).
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growth and crustal deformation along the plate boundary, we provide an alternative strategy to others that account 
for strain-hardening, plastic yielding, and isostatic and flexural compensation, in the absence of relief-bounding, 
subsidiary faults (e.g., Baden et al., 2022). Next, the publicly available, 10-m-resolution National Elevation Data 
set Digital Elevation Model (DEM) was used to route flow over the topography by filling internal sinks before 
calculating watershed area (𝐴𝐴 𝐴𝐴 [L 2]), which is in turn used to identify all measured channel elevation points (𝐴𝐴 𝐴𝐴𝑚𝑚 
[L]) in the SA, defined as having catchment areas >0.1 km 2 (see Supporting Information S1; Figure S3; Data 
Set S2 in Supporting Information S1). By assuming that channel incision rates balance uplift, we employ the 
power-law river incision model to predict channel bed elevations at each point (𝐴𝐴 𝐴𝐴𝑝𝑝 [L]) as (Goren et al., 2014; 
Perron & Royden, 2013):

��
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⃖⃗�
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= �� + ∫
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⃖⃖⃗��

(
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(
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(
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where 𝐴𝐴 𝐴𝐴𝑜𝑜 [L] is a specified outlet elevation measured from the DEM at 𝐴𝐴 ⃖⃖⃖⃗𝑥𝑥𝑜𝑜 of each independent channel (Data Set 
S2 in Supporting Information S1), 𝐴𝐴 𝐴𝐴 (rock erodibility [𝐴𝐴 𝐴𝐴1−2𝜃𝜃n /t]) is an empirical constant that mainly encap-
sulates the impact of rock type (𝐴𝐴 𝐴𝐴 ) on incision rate, 𝐴𝐴 𝐴𝐴 is an empirically measured or specified channel concavity 
constant (typically in the range of 0.2–0.6; Figure S3 in Supporting Information S1), and 𝐴𝐴 𝐴𝐴 is the slope exponent 
of the power-law incision model, which is thought to depend on the mechanics of channel erosional processes 
(see Supporting Information S1). The integral in Equation 1 is evaluated along the channel segment connecting 
all upstream points in a designated watershed (𝐴𝐴 ⃖⃗𝑥𝑥 ; Cartesian coordinates) to their corresponding downstream 
outlet (𝐴𝐴 ⃖⃖⃖⃗𝑥𝑥𝑜𝑜 ) as they traverse points along each flowpath (𝐴𝐴 ⃖⃖⃗𝜓𝜓  ; along-path coordinates). By setting 𝐴𝐴 𝐴𝐴  = 0.4, in accord-
ance with current topography (Figure S3 in Supporting Information S1) and 𝐴𝐴 𝐴𝐴 equal to unity (see Supporting 
Information S1), necessary to compare our model predictions with independently estimated rock erodibilities on 
similar rocks (Stock & Montgomery, 1999), 𝐴𝐴 𝐴𝐴𝑝𝑝 can thus be calculated at each point in a watershed, assuming the 
spatial distributions of rock types (�

(

⃖⃖⃗�
)

 ) and uplift-rates (�
(

⃖⃖⃗�
)

 ) are known. Our selection of 𝐴𝐴 𝐴𝐴 and 𝐴𝐴 𝐴𝐴 resulted in 
values of channel steepness below the global threshold identified by Hilley et al. (2019) using the same scaling 
exponents, above which steepness becomes insensitive to erosion rate, meaning that the power-law incision rule 
is likely a valid approximation for the SA river elevation structure (Figure S4 in Supporting Information S1).

Alternatively, Equation 1 can be posed as an inverse problem in which the misfit between 𝐴𝐴 𝐴𝐴𝑚𝑚 and 𝐴𝐴 𝐴𝐴𝑝𝑝 is used to 
estimate 𝐴𝐴 𝐴𝐴 (and therefore 𝐴𝐴 ⃖⃗𝑣𝑣 ) and 𝐴𝐴 𝐴𝐴 values associated with mapped surface exposures of rock-type classes (𝐴𝐴 𝐴𝐴 , 
assumed uniform within each class; Figure 1b), as well as the constant of integration 𝐴𝐴 𝐴𝐴𝑜𝑜 . Because 𝐴𝐴 𝐴𝐴 is in the 
denominator of Equation 1, we separated the problem into its linear and nonlinear components to approximate 
the joint distribution of these parameters, which can be later used to assess the uncertainty within and uniqueness 
of 𝐴𝐴 𝐴𝐴 and 𝐴𝐴 ⃖⃗𝑣𝑣 , erodibilities and plate rates (see Supporting Information S1). This methodology can thus be used to 
reveal the set of 𝐴𝐴 ⃖⃗𝑣𝑣 and 𝐴𝐴 𝐴𝐴(𝐺𝐺) that reproduces the observed topography (𝐴𝐴 𝐴𝐴𝑚𝑚 ) as well as to calculate the resulting 
distribution of rates of slip and moment accrual along faults—and so, �

(

⃖⃖⃗�
)

 across the SA that produced the 
observed topography.

3.  Results
3.1.  Best-Fit Plate Velocity, Rock Erodibilities, Fault Slip-Rates, and Rock Uplift-Rates

We applied this approach to the FTB by matching measured and predicted channel elevations observed in the 
SA (Figure 2), while penalizing uplift within the current location of the San Francisco Bay shore (Langenheim 
et al., 2015), and discordance between measured (Bürgmann et al., 1994) and predicted, long-term rock uplift-rates 
in the SA (stars in Figure 1a)—both the sole constraints applied to the inversion (see Supporting Information S1). 
When uplift-rates within the Bay and SA were strongly enforced (preferred model; see Supporting Informa-
tion S1; Figures S9–S13 in Supporting Information S1), and assuming geomorphic steady-state with 𝐴𝐴 𝐴𝐴  = 1 (see 
Supporting Information S1; Figures S5–S8 in Supporting Information S1), we found that 𝐴𝐴 𝐴𝐴𝑠𝑠  = 16.25 ± 0.02 mm/a 
and 𝐴𝐴 𝐴𝐴𝑛𝑛  = −0.15 ± 0.02 mm/a, the shear (+right-lateral), oriented parallel to the relative plate motion vector 
shown in Figure  1, and normal (+extension) components of 𝐴𝐴 ⃖⃗𝑣𝑣 , respectively (range denote 𝐴𝐴 ± 2𝜎𝜎 intervals; 
Figure 1c; Figure S1 in Supporting Information S1)—virtually identical to rates derived from geodetic inver-
sions, mechanical modeling and paleoseismologic studies (Table S1 in Supporting Information S1) (Argus & 
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Gordon, 2001; d’Alessio et al., 2005; Evans et al., 2012; Field et al., 2017; Johnson & Fukuda, 2010; Murray & 
Segall, 2001; Prescott et al., 1981; Savage et al., 1999). The maximum-likelihood scenario of the far-field rates 
produces ∼1.1–1.5 mm/a of area-weighted, average slip-rate along the faults of the FTB (Figure 3; Figure S14 
in Supporting Information  S1), which ultimately yield rock uplift-rates that are on average 0.5  mm/a within 
the SA (Figure  4a; Figure S15 in Supporting Information  S1), coincident with the findings by Prescott and 
Burford (1976) and Bürgmann et al. (1994). Simple models of channel incision suggest that their forms approx-
imately record the amount of time required to uplift rock over a height equal to the vertical relief of channels 
(Whipple & Tucker, 1999). We estimate this to be ∼0.6–1 Ma in the SA case, using the altitude of high peaks 
and rock uplift-rates ranging between 800 and 1000 m (Figure 2a), and 1–1.2 mm/a (Figure 4a), respectively. 
The modeled fault slip-rates in this study thus represent averaged rates over these time-scales. Interestingly, the 
[10 −5.1, 10 −4.4] m 0.2/a range of estimated erodibility values of all bedrock lithologic classes also falls within the 
broad range observed in nature for 𝐴𝐴 𝐴𝐴  = 1 (Stock & Montgomery, 1999), which provides some independent vali-
dation of the approach (see Supporting Information S1; Tables S1 and S2 in Supporting Information S1). Taking 

𝐴𝐴 𝒏𝒏  = 2/3 or 2.5 does not yield a significant impact in fault slip-rate determination, and so moment accrual-rates, as 
the primary sensitivity of the model to the slope exponent is in the values of 𝐴𝐴 𝐴𝐴 (see Supporting Information S1; 

Figure 2.  Fit to the data. Maps of the SA showing model fit (maximum-likelihood scenario) to channel elevation data 
resulting from strongly enforcing the uplift-rate constraints (preferred model; see Supporting Information S1; compare to 
Figures S11 and S12 in Supporting Information S1). (a) Data (10-m-resolution National Elevation Data set Digital Elevation 
Model); (b) model; and (c) residuals (data — model). Insets show histogram of residuals for channel (gray) and outlets (𝐴𝐴 𝐴𝐴𝑜𝑜 ; 
red) elevation, with mean/standard deviations = −2.7/50.7 m, and −16.8/58.9 m, respectively.
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Table S5 in Supporting Information S1). The order of magnitude of the plate rates is set by the constraints and the 
erodibilities have to adjust to maintain the fixed, measured relief.

3.2.  Discrepancies With Observations

The differences between the observed and predicted channel elevations of the maximum-likelihood model, here-
after referred to as residuals, are systematically larger within two localized patches at the northwestern and 
southeastern portions of the model than elsewhere (Figure 2; Figures S11–S13 in Supporting Information S1). 
Residuals appear largest where topography is present along strike-slip faults that lack restraining bends, which 
likely reflects the simplifications and errors in the fault geometry model (e.g., Marshall et al., 2009), or local-
ized lateral offset of channels produced by fault strike-slip motion (Figure 3) (Prescott & Burford, 1976), not 
explained by the uplift-dependent, power-law river incision model. Nonetheless, slow slip-rates along the FTB 
faults should facilitate ridge migration and/or stream capture, so the landscape response to the disequilibrium 
brought about by strike-slip motion obscures the effect of river lengthening and deflection, preserving the overall 
trajectories of channels across the faults (Duvall & Tucker, 2015). If one assumes a range of strike-slip motion 
along the FTB faults of 1.1–2 mm/a (Figure 3) these structures should have produced 0.7–2 km of lateral motion 
over the last 0.6–1 Ma. The magnitudes of these potential movements are far smaller than the wavelength of the 
uplift-rate signal predicted by the mechanical model. Thus, the assumption of a stationary geometry appears to 
be approximately valid. Alternatively, high residuals could be the result of transient topography (Whipple & 
Tucker, 1999) or planform changes of the river network due to water divide migration (Castelltort et al., 2012), 
also not accounted for in our model. Perhaps erodibility variations not captured by the geologic map or caused by 
rainfall gradients across the mountain range, which in the SA can be as large as 500–600 mm of average annual 
precipitation between the higher peaks and the lowlands (“Average annual precipitation for California, USA 
(1900–1960) | Data Basin,” 2022), may impose further limitations to our approach. Another important source 
of error is the epistemic uncertainty or model appropriateness. The standard deviation of the model residuals is 
about three times the reported error of the SRTM elevation measurements (Figure 2). This most likely relates to 
simplifications in the model relative to the complexities of the natural system (see Supporting Information S1). 
In any case, even with a threefold increase in the error of the inverted parameters, their quantities fall within the 
observed, natural range (Table S1 in Supporting Information S1).

Figure 3.  Foothills Thrust Belt long-term fault slip-rates. 3-D views to the north-east showing fault slip-rate distribution 
along the (a) Berrocal-Sargent, and (b) Shannon-Monte Vista faults, computed using maximum-likelihood results of the 
preferred model (see Supporting Information S1; compare to Figure S14 in Supporting Information S1). Black lines depict 
slip-rate vectors (origin denoted by white dots at triangle centroids). Note that long-term slip-rate concentrates in portions of 
the fault that could constitute long-term asperities. We hypothesize that those regions are more prone to develop large static 
slip during earthquakes.
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Regardless of those potential limitations, residuals are normally distributed with a mean around zero within the input 
data error, showing no apparent systematic deviations. The magnitude of these differences expressed as the standard 
deviation of the residuals, including that of predicted versus observed outlet elevation (𝐴𝐴 𝐴𝐴o ), are only a fraction of the 
total elevation range across the area (Figure 2; Figures S11–S13 in Supporting Information S1). Thus, the topog-
raphy observed within the SA requires slip-rates and erodibility values that appear to be consistent with available 
geologic, paleoseismic, and geodetic information from the region. We therefore conclude that the assumption of 
geomorphic steady-state and selection of power law exponents (𝐴𝐴 𝐴𝐴 and 𝐴𝐴 𝐴𝐴 ), chosen partly to enable comparison with 
independent measurements, are adequate for integrating the geomorphic and mechanical models.

3.3.  Long-Versus Short-Term Plate Motion and Surface Deformation

We provide a further test by determining how well the maximum-likelihood scenario of the preferred model 
reproduced current, interseismic surface motions measured at GPS stations (Figure  4b). To do this, we first 

Figure 4.  Long-term and interseismic surface deformation across the SA. (a) Map showing rock uplift-rate distribution 
over the SA channels computed using maximum-likelihood scenario of the preferred model (see Supporting Information S1; 
compare to Figure S15 in Supporting Information S1). (b) Horizontal interseismic surface velocities at Bay Area continuous 
GPS network, referred to LUTZ station for comparison with velocities reported by d’Alessio et al. (2005). Black and red 
arrows are, respectively, observed (with 95% confidence intervals ellipses) and predicted velocities from composite slip 
model adjusted for the effect of locked faults. (c) Residuals of velocities shown in B (data — model). Larger misfits observed 
in the south-eastern portion are coincident with larger discrepancies between modeled and measured channel elevations 
(Figure 2). Additionally, unmodeled surface creep may cause observed velocities to abruptly change across the structure.
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calculated surface velocities at each GPS site within the greater Bay Area (d’Alessio et al., 2005), applying our 
preferred 𝐴𝐴 ⃖⃗𝑣𝑣 estimation to the BEM model of the restraining bend faults. From these velocities, we then subtract 
the surface motion computed from reversed estimated slip along the upper 10 km of all modeled faults, thereby 
simulating the effect of interseismically locked faults. Finally, we calculated the contribution of other faults 
within the Bay Area to surface velocities using the geometries, locking depths, and slip-rates estimated for these 
structures (d’Alessio et al., 2005). The resulting surface velocity field closely matches that observed over decades, 
despite the large difference in time-scales (Figures 4b and 4c). The relatively high residuals observed in the 
southeastern side could be caused by unmodeled fault creep in that section of the Sargent fault (Mongovin & 
Philibosian, 2021; Turner et al., 2013).

3.4.  Moment Accrual-Rates and Slip-Predictable, Earthquake Size Estimations

The modeled slip rates along the FTB bound the maximum rate at which seismic moment may be accruing, in 
the absence of other significant stress release processes such as creep. We determined this rate to be 9.2 × 10 23 
dyne-cm/a by integrating slip-rate magnitude of our preferred solution over the two modeled FTB faults, using 
a uniform shear modulus of 32 GPa (7.4 × 10 23 and 1.8 × 10 23 dyne-cm/a for the Shannon-Monte Vista and 
Berrocal-Sargent faults, respectively, Table S3 in Supporting Information S1; see Supporting Information S1). 
If all of this accrued moment were to be released in a single earthquake rupturing the faults of the FTB, and 
assuming a slip-predictable earthquake model (Shimazaki & Nakata, 1980), a Loma Prieta-type event (Mw = 6.9) 
could be generated along these structures every 250–300 years or a Mw = 7.0 earthquake every 350–400 years 
(Table S4 in Supporting Information S1). As a point of reference, the 1865 A.D. event, which occurred 157 years 
ago, is thought to have been a M = 6.5 earthquake (Ellsworth, 1990; Tuttle & Sykes, 1992; Yu & Segall, 1996); 
our estimates of recurrence times for that magnitude range between 100 and 150 years (Table S4 in Supporting 
Information S1).

4.  Discussion and Conclusions
Correspondence between mapped rock types within the SA (Graymer et al., 2006) and independent calibrations of 
erodibilities in similar rock types (Tables S1 and S2 in Supporting Information S1) (Stock & Montgomery, 1999), 
as well as modeled and observed interseismic velocities (Figures 4b and 4c) (d’Alessio et al., 2005), validate 
this new approach, regardless of the simplifications and assumptions required for coupling the mechanical and 
geomorphic models (see Supporting Information  S1). These tests were possible because earthquake hazards 
threatening the Bay Area have motivated detailed geologic mapping and extensive geodetic instrumentation 
across the region. Nonetheless, it is unclear whether this approach might only be applied to these well-studied 
regions, or might be broadly useful for characterizing the risks faced by developing, urbanized areas, where 
geophysical and geologic data are often in short supply. To gauge its usefulness, we explored a scenario in which 
moment accrual-rates were inferred based on a set of simplified fault geometries (Figure S16 in Supporting 
Information S1) and no existing geologic mapping (see Supporting Information S1). Using a single erodibility 
parameter, representing an area-weighted average for the mountain range, we found that moment accrual-rates 
at the FTB are 8.9 × 10 23 dyne-cm/a for the preferred model constraints. The broad, yet remarkable consistency 
between data-rich and data-poor model results suggests that the ultimate objective of this analysis—the estima-
tion of moment accrual-rates along difficult-to-characterize structures—may not require sophisticated geologic 
mapping nor geophysical imaging. Alternatively, this may reflect that the inferred erodibilities of different rock 
types in this region overlap. Independent geologic mapping and geophysical studies reduce epistemic uncertainty 
by identifying fault geometry and lithologically-induced variations in channel steepness. We also acknowledge 
that the predictive power of our elastic, quasi-static, fixed-geometry mechanical, and constant-uplift geomorphic 
models can be improved, for instance, by accounting for: (a) long-term planform modifications of river networks 
(Castelltort et  al.,  2012), (b) time variations of uplift-rate (Goren et  al.,  2014; Steer,  2021), and (c) material 
yielding and block advection (Baden et al., 2022), particularly in tectonic environments dominated by lateral 
motion. Nevertheless, our inversion approach might be used as a starting point in areas where sparse geodetic and 
geologic information may leave geoscientists with few other tools for constraining seismic hazard. Further, our 
approach can be easily tested against measurements of catchment-averaged erosion rates and thermochronologic 
ages, both quantities that can be extracted from the proposed integrated model. The primary dependence of our 
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method on widely available topography data sets, as well as the simple nature of the coupled mechanical-erosion 
model, enables intuitive interpretation of the first-order parameters that govern a region's seismic hazard.

Topography likely records fault activity over periods of time that bridge geodetic (i.e., decades) and geologic (i.e., 
Ma) observations (Kirby & Whipple, 2012). This leads us to two conclusions. First, the success of the approach in 
reproducing interseismic surface velocities suggests that moment may be accruing, more-or-less constantly, over 
these time periods. Consequently, our results indicate that within the SA it is possible to reconcile geologic (10 6 
a), topographic (10 5−6 a), paleoseismic (10 2−3 a), and geodetic (10 1−2 a) observations of plate motion, fault slip 
and surface displacements—a fundamental and outstanding problem in tectonics (Pollard & with 25 community 
contributors, 2003; Tikoff et al., 2013; Huntington et al., 2018). Second, the last probable damaging earthquake 
along these structures occurred in 1865. Given that the maximum moment accrual rate is capable of producing a 
Mw = 6.9 event along the FTB every 250–300 years—or a Mw = 6.5 every 100–150 years—it appears that these 
structures have the potential to cause severe shaking in the adjacent Santa Clara Valley, that could result in major 
human and economic loss.
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