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The amplitude of past and future seismic shaking is central to the SCEC purview. We 
made significant progress on the topic nonlinear attenuation of strong seismic waves and 
the closely related topics of using ambient rock and tectonic stress as shallow fragile 
geological features and nonlinear behavior at seismogenic depths. We inferred the 
appropriate nonlinear failure rheology for the shallow subsurface and constrained peak 
past and future ground motions, concentrating on Los Angeles, Parkfield, the Bay Area, 
Chile, and Japan [1,2]. 
Rheology for shallow dynamic rock failure. A few years ago, we [3] alerted numerical 
modelers that strong Love waves from San Andreas events likely cause nonlinear rock 
failure in the shallow subsurface. SCEC community models representing this effect are 
now operational [4]. The appropriate rheology for frictional failure within a cracked rock 
mass, however, is not self-evident. Roten et al. [4] modeled failure with Drucker-Prager 
plasticity [5], which involves the ratio of the second invariant of the deviatoric stress 
tensor  to the mean stress . This formulation provides somewhat different 
predictions than theories based on oriented fault planes. It is also unclear how to 
represent transient changes in normal traction [6-9]. 

We sought examples where seismic waves interact with each other and with ambient 
stresses to calibrate co-seismic rheology [2,10]. The interaction of ~3-s Rayleigh waves 
with high-frequency S waves provides a natural experiment. Vertically propagating S 
waves cause shear tractions on horizontal planes and add to the second invariant 
proportionally to their resolved horizontal acceleration . The Rayleigh waves increase 
and decrease the mean stress and provide a term to  proportional to their resolved 
horizontal velocity . They do not change to normal traction on shallow horizontal 
planes. With algebra, the Coulomb stress ratio on shallow horizontal planes is 
proportional to the S-wave acceleration in g’s and at failure equal to the effective 
coefficient of friction . This failure criteria on a horizontal plane is 

,  (1)                   

where  is the acceleration of gravity,  is a fitting parameter. We observed that the 
predicted ellipse does bound ( , ) in numerous records (e.g., Figure 1). In contrast, 
the strongly compressional cycle of Rayleigh wave increases the mean stress and 
decreases , implying unobserved extreme S wave accelerations. 
Determination of past Love wave amplitudes and confirmation of frictional 
rheology. We constrained past shallow rheology by examining rock damage from Love 
waves and near-field velocity pulses. Reasonable quality well logs are available for the 
Parkfield and Los Gatos areas. Our scaling method utilizes the relationship that Love 
waves and near-field velocity pulses from strong events produce dynamic strain , 
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which is proportional to dynamic velocity , and inversely proportional to the phase 
velocity . That is, we constrain past peak ground velocity (PGV). The dynamic strain 
varies slowly with depth within the uppermost few hundred meters; simple relationships 
arise, if it is considered to be constant. The dynamic stress is , where the shear 
modulus  is a function of depth. At failure,  equals the failure stress , 

  , (2) 
where  is the coefficient of friction,  is lithostatic pressure,  fluid pressure,  is 
depth,  is rock density, and  is fluid density. The approximate equality applies for 
constant coefficient of friction, constant densities, and the water table at the surface. 

We proposed that damaged seismic regolith self-organizes by low-cycle fatigue [11] 
so that  follows (2) [3, 12-14]. In the approximate case,  is constant with depth in 
the damaged zone. The shear wave velocity  varies approximately with the 
square root of depth. We realized that finding additional examples in seismically active 
areas where poorly resolved S-wave velocity follows this relationship would not provide 
an epiphany. Rather, we took advantage of the prediction in (2) that  will vary 
predictably from a constant, if the past water table was not at the surface (Figure 2). The 
low coefficient of friction in clay-rich rocks [15,16] predictably causes   to be lower. 

Our regions likely experienced long-period Love waves (~3 s) [17-22] and near-field 
velocity pulses [23]. Our boreholes near Parkfield penetrated exhumed sediments that 
were previously stiff [24-25] (Figure 2). These rocks are openly folded; numerous 
fractures occur along and across bedding planes to accommodate damage and nonlinear 
attenuation from strong shaking. In this case, our past dynamic strain estimate is also a 
future exceedance estimate. Still stronger dynamic strain would bring the uppermost few 
100 m into frictional failure attenuating the waves. An implication of our past strain is 
that the Parkfield segment sometimes participates in major events with ~5 m of slip. Our 
wells in accumulating sediments near Los Gatos [26-27] sample mostly coarse 
accumulating sediments and also yield estimates of past and future shaking. Our Los 
Angeles wells [28-29] penetrated too few stiff gravel beds to affect the wave amplitude 
and thus are fragile geological features that do not affect wave amplitude, analogous to 
precarious rocks [30]. 

Our paleoseismic work constrains the occurrence of rogue events that break below the 
usual depth of the seismogenic zone [31-32]. Linear and likely nonlinear calculations 
from the SCEC community will likely be available for relevant major events to appraise 
our results. Our work on the Newport-Inglewood fault illustrates our approach. We 
estimate dynamic strain  and need the phase velocity to obtain PGV. The near-
field phase velocity is ~2.84 km/s [23]. The stiff beds indicate past PGV at LAX of ~1.6 
m/s rather than 5 m/s in a linear model [23]. The strain for basin Love waves from San 
Andreas events is , where the phase velocity  is only ~1.5 km/s. We 
obtained maximum past PGV of ~0.5 m/s west of Whittier Narrows in agreement with 
predictions of nonlinear numerical calculations [4]. The SCEC numerical calculations 
will yield phase velocity and probably dynamic strain. We will see whether our spatial 
variability of estimated strain near Parkfield where we have the best data, corresponds to 
predictions for a major southern event ending near Parkfield. Detailed numerical damage 
models might resolve the observed 3-D variation of  with depth in the Pilot hole [33]. 
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Outreach on extreme seismic waves. As outreach, the PI worked in the field near 
Trinidad CO with Peter Olds and junior college students on earthquake faulting induced 
by extreme seismic waves from the K-Pg impact. We found an induced normal fault that 
slipped only once with a throw of ~1 m at the time of the impact layer at two well-known 
localities near Madrid CO. Ground failure likely allowed fresh and saline waters to mix, 
causing barite precipitation at the impact horizon. We will present poster at Denver SSA. 
Nonlinear attenuation of vertically propagating S waves. We modified our numerical 
code [10,13] for vertically propagating S waves in laterally homogeneous structure to 
include motion in both horizontal directions; , fluid pressure, and the coefficient of 
friction may vary with depth, but density remains constant. In our model, the anelastic 
strain rate  increases rapidly with resolved horizontal shear traction, which it relaxes. 
Tractions are the products of  with the differences between elastic and anelastic strains. 
Damage is proportional to the anelastic strain rate ; subsequent healing is 
included.  Our approach differs from Masing rules that relate stress to strain [34-37]. 
Masing rules predict seemingly unreasonable behavior (e.g., a fault that continues to slide 
at constant stress with rate and state friction remains at a fixed displacement). Roten et al. 
[4] modeled plastic behavior with a flow law for numerical convenience. Our nonlinear 
rheology differs testably from theirs mainly in that we assume that there are various local 
pre-stresses [38-39], various coefficients of friction of cracks, and various state variables, 
so that our anelastic strain rate increases more gradually with stress than theirs. 

We concentrated on features that are evident in the time domain, which might be 
obscured by purely spectral approaches. The resolved acceleration in g’s approximately 
clips at an effective coefficient of friction (eqn. 1 with no Rayleigh wave). The 
orientation of the clipped acceleration often rotates, resulting in transient circular 
polarization. Very shallow cohesion allows brief pulses of very high acceleration to reach 
the surface. Brief very high accelerations also occur where mud exists near the surface 
and the anelastic strain rate in a viscous material increases slowly with stress. These 
causes of very high accelerations are not harbingers for sustained very high accelerations. 
We have analogous potentially practical results (Figure 3) for an S wave propagating 
through a deep overpressured aquifer. Attenuation occurs when the stresses from the 
upcoming and downgoing waves align favorably. The computed wave amplitude is 
diminished relative to the aquifer-free model, but it is not simply clipped. We submitted 
paper with Nori Nakata to BSSA with these results [40]. 
Heat flow near Parkfield, off-fault stress, modulation of tectonics by strong seismic 
waves, and the rupture tip.  We continued our work on nonlinear processes within the 
seismogenic zone [41]. The heat flow paradox on the main San Andreas Fault is well 
known [42-45]. Slip at the long-term plate rate ~30 mm/yr (10-9 m/s) generates heat that 
eventually reaches the surface. Dimensionally, the lithostatic stress at 10 km depth with 
hydrostatic gradient is ~160 MPa. Slip with a coefficient of friction 0.7 would generate 
110 MPa of shear traction and  ~110 mW/m2 of heat flow. The observed heat flow is 74 
mW/m2 for Parkfield and 68 mW/m2 for the Mojave region [45]. Sophisticated analyses 
indicate that the average shear traction on the fault plane is less than 10 [43] to 20 MPa 
[44]. The San Andreas system is in the slab-free window, so one expects moderately high 
heat flow independently of heating by faulting [46-48]. 

The San Andreas strikes subparallel to fold and thrust belts near Parkfield [49-50] and 
in Greater Los Angeles [51-54]. We obtained a useful limit on the coefficient of friction 
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on the thrusts of 0.6 from heat flow and kinematics [41]. (Hickman and Zoback [55] 
obtained  for granite above 2 km depth in the Parkfield Pilot Hole.) The normal 
traction on the San Andreas Fault may be up to ~3 times that obtained by assuming fluid 
lithostatic - hydrostatic pressure. So the shear traction at failure may be 330 MPa rather 
than 110 MPa. The scale particle velocity from the scale stress  is 30 m/s rather than 
10 m/s. We let the average shear traction during slip be 10 MPa for example calculations. 
Only 10/110=~10% of the slip can occur at the traction predicted lithostatic stress. Only 
10/300=~3% of the slip can occur at high stresses in the thrust environment. Lozos et al. 
[56] used 0.4 m in their models and Dunham et al. [57] used 0.2572 m for slip weakening 
distance for major earthquakes with ~5 m total slip with heat flow in mind. Strong 
shaking occurs within the rupture tip scale length of 100-10 m. After the peak traction, a 
dynamic mechanism weakens the fault, which continues to slip at low tractions [56-60]. 

The high dynamic stresses near the fault tip modulate near-fault tectonics that relax 
stresses built up from kinematic regularities from roughness along the fault. Strong 
damage is predicted to concentrate within 10-100 m of the fault, as observed at exhumed 
exposures [61]. Overall, frictional failure occurs when combined ambient and dynamic 
stress exceeds frictional strength, in scalars . In frequently shaken rock, the 
ambient stress cannot exceed . Conversely, the existence of near-fault 
damage zones indicates that damage does not immediately heal at seismogenic depths 
[62-72]. That is, frequent 10-30 m/s shaking would damage deep (~10 km) ambient rock 
and reduce its shear modulus. The SCEC velocity model does not show this damage. 

We examined rupture processes for subshear events [41,73] following [74]. The scale 
stress at the rupture tip is , where  is dimensionally both the particle velocity and 
the slip velocity on the rupture tip. The slip velocity cannot produce dynamic stresses that 
cause widespread near-fault failure, which would add to the microscopic friction [41,73-
78]. The rupture tip produces a stress concentration on the scale of millimeters that keeps 
rupture propagation within the principle slip zone. The rate and state part of the effective 
slip weakening distance includes slip to localize the strain rate to a thin zone. Laboratory 
critical strains to do this are 0.1-3 [63] or up to 3 cm for 1 cm thick initial zone. Our best 
estimated strain for laboratory gouge is ~1, independent of evolution laws [79-80]. 
Thermal mechanisms then greatly weaken the fault plane [57-60]. For reference with 110 
MPa shear traction and strain localized to 1 mm (1 cm), it takes 0.04 m (0.4 m) of slip to 
increase temperature by 1100 K and cause macroscopic melting. 

The heterogeneity of the fault zone becomes important especially for supershear 
rupture [77]. Slip-weakening distances are likely to vary [81] from the laboratory value 
for a fresh fracture of less than 1 mm to a fraction of 1 m for 1 cm gouge zones where 
strain does not readily localize. The starting coefficient of friction may vary. The normal 
traction and hence failure stress on the fault is spatially irregular as the San Andreas cuts 
a thrust zone. Normal tractions are continuous so the rupture tip cannot bypass such stress 
concentrations without going off-fault a distance comparable to the size of the stressed 
patch. The shear traction on the fault plane is likely to be spatially variable and a viable 
dynamic process should statistically restore the heterogeneity after the event [78,82-85]. 

The maintenance of variable stresses and roughness can be understood as follows: P 
waves and often S waves propagate ahead of the rupture tip. These waves find patches on 
the strike-slip fault plane that are already close to failure. The macroscopic rupture jumps 
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to the patches [63,86-87].  It is unlikely that various jumped slip patches will precisely 
line up. The mismatch of the strike-slip patches creates new roughness. Slip on patches 
that do not become the through-going fault is wasted in the sense that it adds to the 
macroscopic slip-weakening distance without actually weakening the final slip zone. 
Near-fault tectonics thus both create and remove roughness along the fault. Effective slip-
weakening distances may self-organize, so these processes statistically balance. If a low-
velocity damage zone exists, head waves reach the sides of the damage zone before they 
reach its central region with the main fault [63]. The dynamic stress triggers slip on thrust 
faults that are already near failure, disrupting the previous strike-slip plane. We have 
preliminary scaling relationships for these 3-D processes that do not arise in 2-D models. 
We seek constraints on the effective macroscopic slip-weakening distance. 

A testable prediction is that some jumps to supershear are only partly successful. 
Then observable minor earthquakes should occur ahead of the rupture tip on high stress 
patches that are not far from failure [82-83]. Even 0.1% of the M=6 Parkfield 2004 event 
is equivalent to 1 M=4 event or 1000 M=2 events. P waves leaving events ahead of the 
main rupture are detectable in analogy to [63,84-85]. Parkfield Pilot Hole seismograms 
from the 2004 mainshock exist; working with William Ellsworth, we are appraising 
candidate events and distinguishing real events from reverberations. 

1 2 3 
Figure 1. The resolved horizontal acceleration envelope from S-waves as a function of 
the resolved horizontal velocity from Rayleigh waves at El Pedregal. An ellipse bounds 
the data indicating Rayleigh waves suppressed S waves, as expected from (1). Seismic 
data from CESMD for Mw 8.3 earthquake offshore of Coquimbo, Chile. From [4]. 
Figure 2. The shear modulus divided by depth versus depth is shown for the Vineyard 
Canyon (tracked line), Red Hill (thin line), and Stockdale Mountain (thick line) strain-
meter holes, data from [28]. We calculated theoretical failure curves (dashed lines) from 
(2) for constant dynamic strain and constant coefficient of friction [3]. They include the 
effects of finite water table depths (WT) and densities logged within the holes. The 
coefficient of friction decreases with clay content. The Stockdale Mountain borehole 
becomes more clay-rich with depth below 105 m depth. The theoretical failure curve at 
given dynamic strain moves to the left. The base of the Red Hill borehole is clay rich.  
Figure 3. Resolved acceleration for nonlinear models: shallow layer over half space with 
no fluid pressure (thin lines) and with an artesian aquifer between 100 and 150 m depth 
(thick lines). Longer signal is windowed between 3 and 4 s. Nonlinear attenuation in the 
model without an aquifer clips an acceleration equal to the effective coefficient of 
friction. Nonlinear attenuation occurs within the deep aquifer but the signal is not simply 
clipped. Deliberately overpressuring a deep aquifer could partially base isolate the 
surface from strong S waves, for example, within Downtown Los Angeles From [40]. 



 6 

 
References (current contributions in bold) 
 
[1] Sleep, N. H. (2016) Shallow Sedimentary Rock as a Fragile Geological Feature: 

Effects of Clay Content and Hydrology on Frictional Strength. Bull. 
Seismological Soc. Am., 106, 2777-2783, doi:10.1785/0120150376. SCEC 
contribution number 6431. 

[2] Sleep, N. H., and N. Nakata (2016) Nonlinear Suppression of High-Frequency S 
Waves by Strong Rayleigh Waves. Bull. Seismological Soc. Am., 106, 2302–2312, 
doi:10.1785/0120160105. SCEC contribution number 6289. 

[3] Sleep, N. H. (2010) Nonlinear Behavior of Strong Surface Waves Trapped in 
Sedimentary Basins. Bull. Seismological Soc. Am., 100, 826 - 832. SCEC contribution 
number 1327. 

[4] Roten, D., K. B. Olsen, S. Day, Y. Cui, and D. Fäh (2014) Expected seismic shaking 
in Los Angeles reduced by San Andreas Fault zone plasticity, Geophys. Res. Lett., 41, 
2769–2777, doi:10.1002/2014GL059411. 

[5] Drucker, D. C., and W. Prager (1952), Soil mechanics and plastic analysis or limit 
design, Q. Appl. Math., 10, 157–165. 

[6] Linker, M. F., and J. H. Dieterich (1992) Effects of variable normal traction on rock 
friction: Observations and constitutive equations, J. Geophys. Res., 97(B4), 4923-
4940. 

[7] Perfettini, H., J. Schmittbuhl, J. R. Rice, and M. Cocco, (2001), Frictional response 
induced by time-dependent fluctuations of the normal load, J. Geophys. Res., 
106(9B7) 13,455-13,472. 

[8] Kilgore, B., J. Lazos, N. Beeler, and D. Olgesby  (2012) Laboratory observations of 
fault strength in response to changes in normal stress. J. Applied Mech., 79, 031007. 

[9] Wang, J., C. Xu, J. T. Freymueller, Z. Li, and W. Shen (2014), Sensitivity of 
Coulomb stress change to the parameters of the Coulomb failure model: A case study 
using the 2008 Mw 7.9 Wenchuan earthquake, J. Geophys. Res. Solid Earth, 119, 
3371–3392, doi:10.1002/2012JB009860. 

[10] Sleep, N. H., and Nakata, N. (2015). Nonlinear attenuation from the interaction 
between different types of seismic waves and interaction of seismic waves with 
shallow ambient tectonic stress. Geochemistry, Geophysics, Geosystems, 16(7), 2336-
2363. SCEC contribution number 6298. 

[11] Lubliner, J. (1990) Plasticity Theory. New York : Macmillan, 495 pp. 
[12] Sleep, N. H. (2011), Seismically damaged regolith as self-organized fragile 

geological feature, Geochem. Geophys. Geosyst., 12, Q12013, 
doi:10.1029/2011GC003837. SCEC contribution number 1515. 

[13] Sleep, N. H., and B. A. Erickson (2014) Nonlinear attenuation of S-waves and Love 
waves within ambient rock, Geochem. Geophys. Geosyst., 15, 1419–1440, 
doi:10.1002/2014GC005250. SCEC contribution number 1935. 

[14] Sleep, N. H. (2015) Shallow S-wave well logs as an indicator of past strong shaking 
from earthquakes on the Newport–Inglewood Fault. Bull. Seismological Soc. Am., 
105, 2696-2703. SCEC contribution number 6014. 

[15] Kohli, A. H., and M. D. Zoback (2013) Frictional properties of shale reservoir rocks, 
J. Geophys. Res. Solid Earth 118, 5109–5125, doi:10.1002/jgrb.50346. 



 7 

[16] Ikari, M. J., D. M. Saffer, and C. Marone (2009), Frictional and hydrologic 
properties of clay-rich fault gouge, J. Geophys. Res., 114, B05409, 
doi:10.1029/2008JB006089. 

[17] Joyner, W. B. (2000) Strong motion from surface waves in deep sedimentary basins. 
Bull. Seismol. Soc. Am., 90(6B), S95-S112. 

[18] Olsen, K. B., S. M. Day, J. B. Minster, Y. Cui, A. Chourasia, M. Faerman, R. 
Moore, P. Maechling, and T. Jordan (2006) Strong shaking in Los Angeles expected 
from southern San Andreas earthquake. Geophys. Res. Lett. 33, L07305, 
doi:10.1029/2005GL025472. 

[19] Graves, R. W., B. T. Aagaard, K. W. Hudnut, L. M. Star, J. P. Stewart and T. H. 
Jordan (2008) Broadband simulations for Mw7.8 southern San Andreas earthquakes: 
Ground motion sensitivity to rupture speed, Geophys. Res. Lett., 35, L22302, 
doi:10.1029/2008GL035750.  

[20] Olsen, K. B., and 12 others (2009) ShakeOut-D: Ground motion estimates using an 
ensemble of large earthquakes on the southern San Andreas fault with spontaneous 
rupture propagation, Geophys. Res. Lett., 36, L04303, doi: 10.1029/2008GL036832. 

[21] Graves, R. (1996) Simulating seismic wave propagation in 3D elastic media using 
staggered grid finite differences. Bull. Seismol. Soc. Am., 86, 1091–1106. 

[22] Graves, R. W., B. T. Aagaard, and K. W. Hudnut, (2011) The ShakeOut earthquake 
source and ground motion simulations. Earthquake Spectra, 27, 273-291; 
doi:10.1193/1.3570677 

[23] Böse, M., R. W. Graves, D. Gill, S. Callaghan, and P. J. Maechling (2014) 
CyberShake-derived ground-motion prediction models for the Los Angeles region 
with application to earthquake early warning. Geophys. J. Int., 198, 1438-1457. 

[24] Daley, T. M., and T. V., McEvilly (1990) Shear wave anisotropy in the Parkfield 
Varian well VSP. Bull. Seismol. Soc. Am., 80, 857-869. 

[25] Stewart, M. and M. J. S. Johnson (1993) Bulk and shear moduli of near-surface 
gelogical units near the San Andreas Fault at Parkfield, Calfornia. USGS open file 
report. 93-378. 

[26] Wentworth, C. M., R. C. Jachens, R. A. Williams, J. C. Tinsley, and R. T. Hanson 
(2015) Physical subdivision and description of the water-bearing sediments of the 
Santa Clara Valley, California. U.S.G.S. Scientific Investigations Report, 2015-5017, 
73 pp. 

[27] Newhouse, M. W., R. T. Hanson, C. M. Wentworth, R. R. Everett, C. F. Williams, 
J.C. Tinsley, T. E. Noce, and B. A. Carkin (2004) Geologic, water-chemistry, and 
hydrologic data from multiple-well monitoring sites and selected water-supply wells 
in the Santa Clara Valley, California, 1999–2003. U.S.G.S. Scientific Investigations 
Report, 2004-5250, 134 pp. 

[28] Thelen, W. A. and 8 others (2006) A transect of 200 shallow shear-velocity profiles 
across the Los Angeles Basin. Bull. Seismol. Soc. Am., 96, 1055-1067. 

[29] Hayashi, K., A. Martin, K. Hatayama, and T. Kobayashi (2013), Estimating deep S-
wave velocity structure in the Los Angeles Basin using a passive surface-wave 
method, Leaning Edge, 32, 620–626. 

[30] Anderson, J. G., J. N. Brune, G. Biasi, A. Anooshehpoor, and M. Pruvance (2011) 
Workshop Report: Applications of Precarious Rocks and Related Fragile Geological 
Features to US National Hazard Maps. Seismol. Res. Lett., 82(3), 431-441. DOI: 



 8 

10.1785/gssrl.82.3.431. 
[31] Jiang, J., and N. Lapuska (2016) Deeper penetration of large earthquakes on 

seismically quiescent faults. Science, 352, 1293-1297. 
[32] Inbal, A., J. P. Ampuero, and R. W. Clayton (2016) Localized seismic deformation 

in the upper mantle revealed by dense arrays. Science, 354, 88-92. 
[33] Sleep, N. H. (2014) Ambient tectonic stress as fragile geological feature, Geochem. 

Geophys. Geoyst., 15, 3628–3644, doi:10.1002/2014GC005426. SCEC contribution 
number 1966. 

[34] Assimaki, D., W. Li, and A Kalos (2011) A Wavelet-based Seismogram Inversion 
Algorithm for the In Situ Characterization of Nonlinear Soil Behavior. Pure Applied 
Geophys., 168, 1669-1691. DOI 10.1007/s00024-010-0198-6. 

[35] Hartzell, S. H., L. F. Bonilla, and R. A. Williams (2004). Prediction of nonlinear soil 
effects, Bull. Seismol. Soc. Am. 94, no. 5, 1609–1629. 

[36] Santisi d’Avila, M. P., L. Lenti, and J.-F. Semblat (2012) Modeling strong ground 
motion: three-dimensional loading versus wavefield polarization. Geophys. J. Int., 90 
(3): 1607-1624, doi: 10.1111/j.1365-246X.2012.05599.x 

[37] Groholski, D., Y. Hashash, B. Kim, M. Musgrove, J. Harmon, J. and Stewart, 
(2016). Simplified Model for Small-Strain Nonlinearity and Strength in 1D Seismic 
Site Response Analysis. J. Geotech. Geoenviron. Eng., 10.1061/(ASCE)GT.1943-
5606.0001496 , 04016042. 

[38] Marsan. D. (2005) The role of small earthquakes in redistributing crustal elastic 
stress. Geophys. J. Int.,  163, 141-151. 

[39] Sleep, N. H. (2010), Strong seismic shaking of randomly prestressed brittle rocks, 
rock damage, and nonlinear attenuation, Geochem. Geophys. Geosyst., 11, Q10002, 
doi:10.1029/2010GC003229. SCEC contribution number 1449. 

[40] Sleep, N. H., and N. Nakata (submitted) Nonlinear attenuation S-waves by 
frictional failure at shallow depths. Bull. Seismological Soc. Am., 107, XXXX–
XXXX, doi:XXXX. SCEC contribution number 7204. 

[41] Sleep, N. H. (2016), Heat flow, strong near-fault seismic waves, and nearfault 
tectonics on the central San Andreas Fault, Geochem. Geophys. Geosyst., 17, 
doi:10.1002/2016GC006280. SCEC contribution number 6259. 

[42] Henyey, T. L., and G. J. Wasserburg (1971) Heat flow near major strike-slip faults 
in California, J. Geophys. Res., 76, 7924-7946. 

[43] Lachenbruch, A. H., and J. H. Sass (1980) Heat flow and energetics of the San 
Andreas Fault zone. J. Geophys. Res., 85, 6185-6222. 

[44] Fulton, P. M., and D. M. Saffer (2009), Effect of thermal refraction on heat flow 
near the San Andreas Fault, Parkfield, California, J. Geophys. Res., 114, B06408, 
doi:10.1029/2008JB005796. 

[45] Sass, J. H., et al. (1997), Thermal regime of the San Andreas Fault near Parkfield, 
California, J. Geophys. Res., 102(B12), 27,575 – 27,585, 
doi:10.1029/JB102iB12p27575. 

[46] Furlong, K. P. (1993) Thermal-rheologic evolution of the upper mantle and the 
development of the San Andreas fault system. Tectonophysics, 223: 149–164. 

[47] Goes, S., R. Govers, S. Schwartz, and K. Furlong (1997) Three-dimensional thermal 
modeling for the Mendocino triple junction area, Earth Planet. Sci. Lett., 148, 45–57. 



 9 

[48] Guzoski, C. A., K. P. Furlong, (2002) Migration of the Mendocino triple junction 
and ephemeral crustal deformation: Implications for California Coast Range heat 
flow, Geophys. Res. Lett., 29(1), doi:10.1029/2001GL013614. 

[49] Page, B. M., R. G. Coleman, and G. A. Thompson (1998) Late Cenozoic tectonics of 
the central and southern Coast Ranges of California. Geol. Soc. Am. Bull., 110(7), 
846–876. 

[50] Titus, S. J, M. Dyson, C. DeMets, B. Titoff, F. Rolandone, and R. Bürgmann (2011) 
Geologic versus geodetic deformation adjacent to the San Andreas fault, central 
California. Geol. Soc. Am. Bull., 123, 794–820; doi: 10.1130/B30150.1. 

[51] Yang, W., and E. Hauksson (2011) Evidence for vertical partitioning of strike-slip 
and compressional tectonics from seismicity, focal mechanisms, and stress drops in 
the East Los Angeles Basin area, California. Bull. Seismol. Soc. Am., 101, 964-974. 

[52] Yeats, R. S. (2004) Tectonics of the San Gabriel Basin and surroundings, southern 
California. Geol. Soc. Am. Bull., 116(9-10), 1158-1182. 

[53] Meigs, A.  J., M. L. Cooke, and S. T. Marshall (2008) Using vertical rock uplift 
patterns to constrain the three-dimensional fault configuration in the Los Angeles 
Basin. Bull. Seismol. Soc. Am., 98(2) 106–123. 

[54] Marshall, S. T., M. L. Cooke, and S. E. Owen (2009) Interseismic deformation 
associated with three-dimensional faults in the greater Los Angeles region, California. 
J. Geophys. Res., 114, B12403, doi:10.1029/2009JB006439. 

[55] Hickman, S., and M. Zoback (2004) Stress orientations and magnitudes in the 
SAFOD Pilot Hole: Implications for the strength of the San Andreas Fault at 
Parkfield. Geophys. Res. Lett., 31, L15S12, doi:10.1029/2004GL020043. 

[56] Lozos, J. C., D. D. Oglesby, J. N. Brune, and K. B. Olsen (2015) Rupture 
propagation and ground motion of strike-slip stepovers with intermediate fault 
segments. Bull. Seismol. Soc. Am., 105(1), 387–399, doi: 10.1785/0120140114. 

[57] Dunham, E. M., D. Belanger, L. Cong, and J. E. Kozdon (2011) Earthquake ruptures 
with strongly rate-weakening friction and off-fault plasticity: 1. Planar faults, Bull. 
Seismol. Soc. of Am., 101(5), 2296-2307   DOI: 10.1785/0120100075. 

[58] Viesca, R. C., and D. I. Garagash (2015) Ubiquitous weakening of faults due to 
thermal pressurization. Nature Geoscience, DOI:10.1038/NGEO2554. 

[59] Beeler, N. M., T. E. Tullis, and D. L. Goldsby (2008), Constitutive relationships and 
physical basis of fault strength due to flash heating, J. Geophys. Res., 113, B01401, 
doi:10.1029/2007JB004988. 

[60] Noda, H., E. M. Dunham, and J. R. Rice (2009) Earthquake ruptures with thermal 
weakening and the operation of major faults at low overall stress levels. J. Geophys. 
Res., 114, B07302, doi:10.1029/2008JB006143. 

[61] Chester, F. M., J. S. Chester, D. L. Kirschner, S. E. Schulz, and J. P Evans (2004) 
Structure of large-displacement, strike-slip fault zones in the brittle continental crust. 
In: Karner, Gary D., Taylor, Brian, Driscoll, Neal W., Kohlstedt, David L. (eds.), 
Rheology and Deformation in the Lithosphere at Continental Margins.   Columbia 
University Press, New York, MARGINS Theoretical and Experimental Earth Science 
Series 1, 223-260, 2004. 

[62] Li, Y.-G., R. D. Catchings, and M. R. Goldman (2016) Subsurface Fault Damage 
Zone of the 2014 Mw 6.0 South Napa, California, Earthquake Viewed from Fault-
Zone Trapped Waves. Bull. Seismol. Soc. Am., 106(6), doi: 10.1785/0120160039. 



 10 

[63] Huang., Y., J. P. Ampuero, and D. V. Helmberger (2016)  The potential for 
supershear earthquakes in damaged fault zones – theory and observations. Earth 
Planet. Sci. Lett., 433, 109-115. 

[64] Huang, Y., and J.-P. Ampuero (2011), Pulse-like ruptures induced by low-velocity 
fault zones, J. Geophys. Res., 116, B12307, doi:10.1029/2011JB008684. 

[65] Huang, Y., J.-P. Ampuero, and D. V. Helmberger (2014), Earthquake ruptures 
modulated by waves in damaged fault zones, J. Geophys. Res. Solid Earth, 119, 
3133–3154, doi:10.1002/2013JB010724. 

[66] Cochran, E. S., Y. Li, P. M. Shearer, S. Barbot, Y. Fialko, and J. E. Vidale (2009) 
Seismic and geodetic evidence for extensive, long-lived fault damage zones, 
Geology, 37, 315–318, doi:10.1130/G25306A.1. 

[67] Li, H., L. Zhu, and H. Yang (2007), High-resolution structures of the Landers fault 
zone inferred from aftershock waveform data, Geophys. J. Int., 171(3), 1295–1307, 
doi:10.1111/j.1365-246X.2007.03608.x. 

[68] Li, Y. G., J. E. Vidale, S. M. Day, D. D. Oglesby, and the SCEC Field Working 
Team (2002) Study of the 1999 M7.1 Hector Mine, California, earthquake fault plane 
by trapped waves, Bull. seism. Soc. Am., 92, 1318–1332. 

[69] Li, Y. G., G. P. De Pascale, M. C. Quigley, and D. M. Gravley (2014) Fault damage 
zones of the M7.1 Darfield and M6.3 Christchurch earthquakes characterized by 
fault-zone trapped waves. Tectonophysics, 618, 79-101. 

[70] Yang, H., and L. Zhu, 2010. Shallow low-velocity zone of the San Jacinto fault from 
local earthquake waveform modelling, Geophys. J. Int., 183, 421–432, 
doi:10.1111/j.1365-246X.2010.04744.x. 

[71] Yang, H., L. Zhu, and E. S. Cochran (2011), Seismic structures of the Calico fault 
zone inferred from local earthquake travel time modeling, Geophys. J. Int., 186(2), 
760–770, doi:10.1111/j.1365-246X.2011.05055.x. 

[72] Ellsworth, W. L., and P. E. Malin (2011) Deep rock damage in the San Andreas 
Fault revealed by P- and S-type fault-zone-guided waves. In Fagereng, Å., Toy, V. 
G., and Rowland, J. V. (eds) Geology of the Earthquake Source: A Volume in Honour 
of Rick Sibson. Geological Society, London, Special Publications, 359, 39–53. 

[73] Sleep, N. H. (2010), Application of rate and state friction formalism and flash 
melting to thin permanent slip zones of major faults, Geochem. Geophys. Geosyst., 
11, Q05007, doi:10.1029/2009GC002997. SCEC contribution number 1431. 

[74] Gabriel, A.-A., J.-P. Ampuero, L. A. Dalguer, and P. M. Mai (2013), Source 
properties of dynamic rupture pulses with off-fault plasticity, J. Geophys. Res. Solid 
Earth, 118, 4117–4126, doi:10.1002/jgrb.50213. 

[75] Dunham, E. M., D. Belanger, L. Cong, and J. E. Kozdon (2011) Earthquake ruptures 
with strongly rate-weakening friction and off-fault plasticity: 2. Nonplanar faults, 
Bull. Seismol. Soc. Am., 101(5), 2308-2322   DOI: 10.1785/0120100076. 

[76] Fang, Z., and E. M. Dunham (2013), Additional shear resistance from fault 
roughness and stress levels on geometrically complex faults, J. Geophys. Res. Solid 
Earth, 118, 3642–3654, doi:10.1002/jgrb.50262. 

[77] Bruhat, L., Z. Fang, and E. M. Dunham (2016), Rupture complexity and the 
supershear transition on rough faults, J. Geophys. Res. Solid Earth, 121, 210–224, 
doi:10.1002/2015JB012512. 

[78] Zielke, O., and P. M. Mai (2016), Subpatch roughness in earthquake rupture 



 11 

investigations, Geophys. Res. Lett., 43, 1893–1900, doi:10.1002/2015GL067084. 
[79] Richardson, E., and C. Marone (1999), Effects of normal stress vibrations on 

frictional healing, J. Geophys. Res., 104(B12), 28859–28878. 
[80] Sleep, N. H., E. Richardson, and C. Marone (2000) Physics of strain localization in 

synthetic fault gouge, J. Geophys. Res., 105(B11), 25,875-25,890. 
[81] Hillers, G., Y. Ben-Zion, and P. M. Mai (2006), Seismicity on a fault controlled by 

rate- and state-dependent friction with spatial variations of the critical slip distance, J. 
Geophys. Res., 111, B01403, doi:10.1029/2005JB003859. 

[82] Andrews, D. J., A stochastic fault model, I, Static case, J. Geophys. Res., 85, 3867– 
3877, 1980. 

[83] Andrews, D. J., A stochastic fault model, II, Time-dependent case, J. Geophys. Res., 
86, 10,821–10,834, 1981. 

[84] Mai, P. M., and G. C. Beroza (2002) A spatial random field model to characterize 
complexity in earthquake slip, J. Geophys. Res., 107(B11), 2308, 
doi:10.1029/2001JB000588, 2002. 

[85] Milliner, C. W. D., C. Sammis, A. A. Allam, J. F. Dolan, J. Hollingworth, S. 
Leprince, and F. Ayoub (2016) Resolving Fine-Scale Heterogeneity of Co-seismic 
Slip and the Relation to Fault Structure. Scientific Reports, 6:27201 | DOI: 
10.1038/srep27201. 

[86] Wang, D., J. Mori, and K. Koketsu (2016) Fast rupture propagation for large strike-
slip earthquakes. Earth Planet. Sci. Lett., 440, 115-126. 

[87] Perrin, C., I. Manighetti, J.-P. Ampuero, F. Cappa, and Y. Gaudemer (2016) 
Location of largest earthquake slip and fast rupture controlled by along-strike change 
in fault structural maturity due to fault growth, J. Geophys. Res. Solid Earth, 121, 
3666–3685, doi:10.1002/2015JB012671. 


