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Summary 
 
Strong Love waves propagate from the San Andreas Fault into Greater Los Angeles. 
Three-dimensional numerical calculations from the SCEC community indicate that these 
waves funnel through Whittier Narrows with high amplitudes. Nonlinear behavior 
depends on the shallow ambient tectonic stress. Conversely, we found that shallow 
ambient tectonic stress is a potential fragile geological feature. Sufficient strong shaking 
tends to relax ambient stress and also reduce the shear modulus by producing cracks. 
Over several strong events, the shear modulus will tend to self-organize so that it is linear 
with depth. The shallow rock barely becomes nonlinear under the typical dynamic strain 
impose by strong events. Dynamic stress and strain are proportional to the peak ground 
velocity (PGV). We infer past PGV from the gradient of shear modulus with depth. As an 
example of both processes, the regional tectonic stress (fault-normal tectonic 
compression) appears to be relaxed in the upper 1 km within the Pilot Hole at Parkfield. 
The shear modulus increases approximately linearly with depth. These observations are 
compatible with occasional (few 1000 year) participation of the Parkfield segment in 
strong events with ca. 5 m slip and ca. 2 m/s particle velocity. Furthermore, the relaxation 
of ambient stress couples tectonics with strong seismic waves. The anelastic strain in 
each episode of stress relaxation accommodates the long-term tectonic strain. This 
process has relevance to near-fault strain at crustal depths. We examined field examples 
of nonlinear attenuation including the suppression of S-waves by Rayleigh waves in the 
Tohoku event. 
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Technical Report 
Basin waves within Greater Los Angeles. Inference of past peak ground motions and 
deduction of maximum future ground motions are central to the SCEC purview within 
research priority 6, prediction of strong ground motions. Our methods addressed the 
physics of both topics in parallel. We continued work [1-2] on surface waves within 
Greater Los Angeles from San Andreas Fault events during the current grant period 
following our earlier work [3-4]. Observations of modest earthquakes and modeling 
indicate that Love waves (to the first order) with likely periods of 3-4 sec are guided 
toward Los Angeles by a series of sedimentary basins [5-6]. Our approach utilizes the 
results of linear numerical simulations of large San Andreas events [6-10] as well as 
recent calculations that include nonlinear attenuation at high amplitudes [11]. We relate 
nonlinear attenuation of Love waves to the peak ground velocity (PGV) [1].  Our semi-
analytical methodology recognizes features that to be included in full nonlinear 
calculations and obtains scaling relationships that aid in understanding and extending 
nonlinear results. It is not a rival to numerical methods. For example, we cannot assess 
the period of the impinging Love waves independently of the numerical calculations. 
With regard to other SCEC community research on basin waves, site response formalism 
is inadequate as nonlinear attenuation saps surface waves potentially along their full 
paths. Methods including empirical Green’s functions and passive seismology that 
extrapolate linearly from low-amplitude waves [e.g., 12-13] are also inadequate. 

We reiterate our basic method that uses ambient rock as a widespread fragile 
geological feature. For surface waves, strong shaking brings the uppermost few 100 m of 
rock into frictional failure. A very convenient testable hypothesis is that rock damage 
self-organized over recent geological time providing both exceedance criteria for past 
strong motions and for future motions of the strongest waves that can propagate without 
significant nonlinear attenuation [1]. This process is analogous to low-cycle fatigue in 
engineering [14]. A brittle machine part is subjected to oscillating strains beyond its 
elastic limit. Cracks develop reducing its elastic modulus to the point that that the 
compliant part behaves elastically with the imposed strain. The geological process, for 
example, involves stiff exhumed sedimentary rocks extending toward the free surface. 
These rocks become compliant with the repeated passage of strong damaging Love 
waves. The shear modulus self-organizes toward linearity with depth (Fig. 1). We 
obtained both the PGV of the past damaging waves and the maximum PGV of future 
waves that can propagate. The survival of and observed damage to ambient shallow rock 
provide ubiquitous, long-lasting fragile geological features. 

We present scaling relationships [1] to illustrate our approach in practice. Basin 3-4 s 
Love waves impose essentially strain boundary conditions on the shallow subsurface. The 
peak dynamic strain is 

€ 

VPGV /cL  where 

€ 

VPGV is peak ground velocity and 

€ 

cL  is phase 
velocity. The peak dynamic shear traction on vertical planes is 

€ 

G(z)VPGV /cL , where 

€ 

G(z)  
is the shear modulus at a depth 

€ 

z . Coulomb failure occurs when the dynamic stress 
exceeds the frictional strength. The shear modulus in the self-organized state increases 
linearly with depth 
 

€ 

GVPGV /cL = ρβ2VPGV /cL =

€ 

ρµeffgz  (1); 

€ 

µeff ≡ (ρ − ρ f )µ /ρ ; (2) 

€ 

β = cLµeffgz /Vpast  (3);                        
where 

€ 

ρ  is density (here constant for simplicity), 

€ 

β is shear wave velocity, and 

€ 

µ  is the 
intrinsic coefficient of friction. Equation (2) defines an effective coefficient of friction; its 
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final quality assumes that fluid pressure is hydrostatic 

€ 

ρ f gz  or zero. Equation (3) shows 
that self-organized shear wave velocity should increase with the square root of depth 
(except at very shallow depths where it does not go to zero and great depths where rock is 
strong in friction), which allows determination of past PGV. We solve (3) for past PGV. 
We applied in (3) to stiff quartz-rich beds within compliant clay-rich beds beneath West 
Los Angeles [15-16]. We found that (3) applies approximately for Parkfield (Fig. 2) 
obtaining past ~2 m s-1 near-field waves.  
Ambient stress at Parkfield and Whittier Narrows. The suppression of Love waves by 
nonlinear attenuation depends on shallow ambient tectonic stress [11]. Daniel Roten 
presented calculations that show that this effect matters for Love waves passing through 
Whittier Narrows on their way to Downtown Los Angeles. We concentrated on means to 
predict shallow ambient tectonic stress and conversely to use observed tectonic stress as a 
fragile geological feature to infer past PGV [2], which is within the SCEC purview. 

The basis of our methods involves the inference that rocks do not distinguish between 
remote sources of stress. The downhill movement of sackungen from gravitational 
stresses during strong shaking is one analogy [17-18]. Convergent tectonics with folds 
and thrusts occurs near Parkfield [19] and near Whittier Narrows [20-23]. The main San 
Andreas Fault is weak and the shear tractions on it are less than the off-fault 
compressional stresses [24-31]. Strong dynamic shaking from the near-field velocity 
pulse at Parkfield and from strong Love waves at Whittier Narrows bring the upper most 
few hundred meters into frictional nonlinear failure. Failure preferentially occurs when 
dynamic and static stresses are favorably aligned with the net effect to relax the static 
stress. A strong near-field velocity pulse will increase the shear invariant to failure. The 
fault-normal deviatoric stress relaxes even though it involves a different component of 
the stress tensor. 

Tectonic stress within the granite at the Parkfield pilot hole appears to have relaxed 
(Fig. 2) [2]. The stress in the shallow granite is in the strike-slip direction of the nearby 
San Andreas Fault. The deeper stress is the regional fault normal compression. 
Kinematically, strong earthquakes with ~5 m of slip and ~2 m s-1 particle velocity on a 
few 1000 year recurrence would produce this situation. 

With regard to predicting ambient tectonic stress, Whittier Narrows is shaken by 
strong San Andreas events on a few 100-year timescale. The fault-normal convergence in 
the locality requires ca. 10000 yr to reload fault-normal compression at a few 100 m 
depth. A testable hypothesis is that the shaking relaxes the shallow fault normal stresses 
before they build up. The tectonic stresses will be at an intermediate level if typical 
shaking alone is insufficient to cause frictional failure. We will publish simple scaling 
relationships. 
Interaction of strong shakening with long-term tectonics. A second aspect pointed out 
to us by Michele Cooke at the 2014 SCEC meeting is that strong seismic waves modulate 
shallow tectonics.  Blind thrusts with overlying folds occur at Whittier Narrows [20-23]. 
Each episode of strong shaking produces an anelastic strain that accommodates 
convergence. The shallow stresses have already been relaxed and the convergent strain 
already accommodated when a thrust-fault earthquake occurs. The fault does not break 
up through the shallow rock. High dynamic stresses from the rupture tips of crustal faults 
may similarly interact with near-fault tectonics. In interest of outreach and more ground 
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truth, we are applying this mechanism to the analogous interaction of tides and tectonic 
stresses on the icy moon Enceladus, which has fold and thrust belts. 

Near-fault deformation at crustal depths is a SCEC priority. We realize that our 
methods have potential relevance. First, damaged rock with reduced shear modulus 
occurs in near-fault environments to perhaps 10 km depth [32-37]. This reduction shows 
that it is possible for S-wave velocity of hard rocks at crustal depths to remain less than 
that of intact hard rocks [33]. That is, these deep rocks are fragile geological features. The 
scaling in (3) dimensionally applies replacing the phase velocity with the S-wave velocity 
off fault and the similar rupture-tip velocity near fault. The S-wave velocity is still near 
the intact-rock value in most off-fault places so particle velocities that would damage it 
were rare. With regard to coupling with near-fault tectonics, shaking ~10 m s-1 particle 
velocities likely occur near the rupture tip [38-42]. From scaling relationships for the 
length of the high-stress region at rupture tips, the highest dynamic velocities and 
dynamic stresses occur within a kilometer of the fault. There will be a tendency for strong 
shaking to relax tectonic stresses thereby accommodating tectonic strains within a 
kilometer of the fault plane. The rheology of the near-fault material will appear to be 
weak. We continue seek applications to observed geology and to observable seismic data. 
Nonlinear interaction of different types of seismic waves. Numerical models by Roten 
et al. [11] presume that cracks within rocks do not distinguish between classes of seismic 
waves, nor between static and dynamic stresses. We sought examples starting with the 
inference that different types of seismic waves interact nonlinearly, working with Nori 
Nakata, to test this reasonable assumption. Mechanically, the pervasively cracked rock 
has sliding friction on the scale of individual fractures and internal friction on the scale of 
the rock mass. Roten et al. [11] used Drucker-Prager plasticity for rock masses [43]. 
Failure involves the ratio 

€ 

τ /P  where the invariant 

€ 

τ ∝ τ ijτ ij  normalized to give the 
shear traction in simple shear and the mean stress is the invariant 

€ 

P ≡ −σ ii /3 
(compressive positive). This class of rheology is attractive. It is likely, however, that the 
fractures in a rock mass have different starting friction coefficients and different pre-
stresses from past failures. The anelastic strain rate in the rock mass likely increases 
somewhat gradually with 

€ 

τ /P , as opposed to a sharp elastic-plastic limit. 
Equations (1-3) carry through to Rayleigh waves by noting that dynamic horizontal 

tension and compression occur while the vertical lithostatic stress remains essentially 
unchanged. In the absence of ambient tectonic stress, failure should preferentially occur 
on the tensile half cycle. We applied our modified version of (3) to 3-4 s Rayleigh waves 
from the Tohoku earthquake in Japan working with Nori Nakata. The S-wave velocity 
does increase approximately with the square root of depth within exhumed sedimentary 
and volcanic rocks, as expected from past damage from strong waves. Rayleigh waves, 
however, were too feeble to bring the uppermost few hundred meters into frictional 
failure in the absence of tectonic stress. 

Thrust faulting occurs within the Tohoku region. It is conceivable that the shallow 
rocks were already near the brink of frictional failure and that moderate dynamic 
compression would bring them into nonlinearity over a considerable depth range. The 
waves would then clip on the compressive half cycle, westward particle velocity for 
westward traveling travel. We searched records of the Tohoku earthquake for this effect 
but found no examples. 
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We did find evidence of nonlinear behavior at ca. 10 m depth in exhumed 
sedimentary rocks during the Tohoku event. High frequency S-waves produced shear 
tractions on horizontal planes with Coulomb stress ratios scaling with the acceleration in 
g’s. Low-frequency Rayleigh waves increased the shear invariant 

€ 

τ  by an amount 
scaling with particle velocity; they did not change the normal traction on the horizontal 
planes.  A terms proportional to the square of the horizontal acceleration from S-waves 
and a term proportional to the square of the particle velocity from Rayleigh waves add to 
give the square of the invariant 

€ 

τ . The normalized invariant has the form of an ellipse 

€ 

(A /A0)
2 + (V /V0)

2 =1 (where 

€ 

A  is the resolved envelope of horizontal acceleration, 

€ 

A0 
is the maximum acceleration of S-waves that can propagate, 

€ 

V  is resolved particle 
velocity from Rayleigh waves, and 

€ 

V0  is the particle velocity to suppress P-waves), 
which provides a reasonable representation of our data (Fig. 3). 

We obtained additional examples of nonlinear behavior from the Lucerne record [44] 
of the 1992 Landers earthquake. The vertical tension phase of P-waves likely suppressed 
high-frequency S-waves in the uppermost 10 m. The near-field stresses ahead of the 
rupture tip added to the ambient strike stress at Lucerne. The underlying hard rock is stiff 
and several hundred meters of depth were likely transient brought into frictional failure. 
The amplitudes of high frequency S-waves and maybe P-waves appear suppressed at the 
expected times. 

 

1    2 3  
Figure 1: Schematic diagram of the evolution of shear modulus over several earthquake 
from [2]. The maximum strain is the same on each cycle so dynamic stress is proportional 
to the shear modulus. The shear modulus decreases with cracking during each episode 
and heals somewhat in between. It eventually reaches linearity with depth where the 
material barely becomes nonlinear at the peak recurring dynamic stress. 
Figure 2: S-wave velocity data near the Pilot Hole as a function of depth. Well log data 
in granite after [25] and sandstone log after [45]. Seismic survey data inversions: blue 
dashed and green dotted “R” curves are two estimates by Ryberg et al. [45] and purple 
dashed “Z” curve is estimate by Zhang et al. [46]. The tracked line is the square root of 
depth calibrated with the sandstone data expected from low-cycle fatigue at constant 
dynamic strain. The shallow seismic velocity at the nearby UPSAR array (box U) [47] is 
shown, as the inversions did not have good shallow resolution. From [2]. 
Figure 3. The resolved horizontal acceleration from high-frequency S-waves and the 
resolved horizontal velocity from Rayleigh waves are bounded by an ellipse. Both wave 
types increased the shear invariant, but the normal traction on horizontal planes was 
unchanged. Station MYGH04, Great Tohoku earthquake. The Rayleigh waves suppressed 
the S-waves by producing deviatoric stresses at ~10 m depth. 



 6 

References 
 
[1] Sleep, N. H., and B. A. Erickson (2014) Nonlinear attenuation of S-waves and Love 

waves within ambient rock. Geochem. Geophys. Geosyst., 15, 
doi:10.1002/2014GC005250. 

[2] Sleep, N. H. (2014), Ambient tectonic stress as fragile geological feature, Geochem. 
Geophys. Geosyst., 15, 3628–3644, doi:10.1002/2014GC005426. 

[3] 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. 

[4] 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. 

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

[6] 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. 

[7] 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.  

[8] 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. 

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

[10] 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 

[11] 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, 
doi:10.1002/2014GL059411. 

[12] Denolle, M. A., E. M. Dunham, G. A. Prieto, and G. C. Beroza (2014) Strong 
ground motion prediction using virtual earthquakes. Science, 343, 399-403. 

[13] Wang, H., H. Igel, F. Gallovič, A. Cochard, and M. Ewald (2008) Source-related 
variations of ground motions in 3-D media: application to the Newport-Inglewood 
fault, Los Angeles Basin. Geophys. J. Int., 175, 202-214. 

[14] Lubliner, J. (1990) Plasticity Theory. New York: Macmillan, 495 pp. 
[15] 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. 
[16] 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. 

 [17] McCalpin, J. P., and E. W. Hart (2003) Ridge-top spreading features and 



 7 

relationship to earthquakes, San Gabriel Mountains Region, Part B: Paleoseismic 
investigations of ridgetop depressions, in: E.W. Hart (Ed.), Ridge-Top Spreading in 
California, California Geological Survey Open-File Report 1, Contrib. 4, 51 pp., CD-
ROM. 

 [18] Sleep, N. H. (2011), Deep-seated downslope slip during strong seismic shaking, 
Geochem. Geophys. Geosyst., 12, Q12001, doi:10.1029/2011GC003838. SCEC 
contribution number 1510. 

[19] 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. 

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

[21] 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. 

[22] 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. 

[23] 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. 

[24] Zoback, M. D., and J. H. Healy (1992) In situ stress measurements to 3.5 km depth 
in the Cajon Pass Scientific Research Borehole: Implications for the mechanics of 
crustal faulting, J. Geophys. Res., 97(B4), 5039–5057, doi:10.1029/91JB02175. 

[25] Boness, N. L., and M. D. Zoback (2004), Stress-induced seismic velocity anisotropy 
and physical properties in the SAFOD Pilot Hole in Parkfield, CA. Geophys. Res. 
Lett., 31, L15S17, doi:10.1029/2003GL019020. 

[26] Boness, N. L., and M. D. Zoback (2006a), A multi-‐scale study of the mechanisms 
controlling shear velocity anisotropy in the San Andreas Fault Observatory at Depth. 
Geophysics, 71, F131–F146, doi:10.1190/1.2231107. 

[27] Boness, N. L., and M. D. Zoback (2006b) Mapping stress and structurally controlled 
crustal shear velocity anisotropy in California. Geology, 34, 825–828; doi: 
10.1130/G22309.1 

[28] 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. 

[29] Chéry, J., M. D. Zoback, and S. Hickman (2004), A mechanical model of the San 
Andreas Fault and SAFOD Pilot Hole stress measurements. Geophys. Res. Lett., 31, 
L15S13, doi:10.1029/2004GL019521. 

[30] Townend, J. and M. D. Zoback (2004), Regional tectonic stress near the San 
Andreas Fault in central and southern California. Geophys. Res. Lett., 31, L15S11, 
doi:10.1029/2003GL018918. 

[31] Day‐Lewis, A., M. Zoback, and S. Hickman (2010), Scale‐invariant stress 
orientations and seismicity rates near the San Andreas Fault, Geophys. Res. Lett., 37, 
L24304, doi:10.1029/2010GL045025. 

[32] Lewis, M. A., Z. G. Peng, Y. Ben-Zion, and F. L. Vernon (2005) Shallow seismic 



 8 

trapping structure in the San Jacinto fault zone near Anza, California, Geophys. J. 
Int., 162, 867–881, doi:10.1111/j.1365-246X.2005.02684.x.  

[33] 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. 

[34] Yang, H., and L. Zhu, , 2010b. 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. 

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

[36] 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. 

[37] 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. 

[38] 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. 

[39] 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. 

[40] Dunham, E. M., D. Belanger, L. Cong, and J. E. Kozdon (2011a) 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.  

[41] Dunham, E. M., D. Belanger, L. Cong, and J. E. Kozdon (2011b) 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. 

[42] 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. 

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

[44] Iwan, W. D., and X. Chen (1995) Important near-field ground motion data from the 
Landers earthquake, in 10th European Conf. on Earthquake Engineering, Duma, G. 
(Editor), Balkema, Rotterdam, The Netherlands, pp. 229–234. 

[45] Ryberg, T., J. A. Hole, G. S. Fuis, M. J. Rymer, F. Bleibinhaus, D. Stromeyer and K. 
Bauer (2012) Tomographic Vp and Vs structure of the California Central Coast 
Ranges, in the vicinity of SAFOD, from controlled-source seismic data. Geophys. J. 
Int., 190, 1341–1360. 

[46] Zhang, H., C. Thurber, and P. Bedrosian (2009) Joint inversion for Vp, Vs, and 
Vp/Vs at SAFOD, Parkfield, California. Geochem. Geophys. Geosyst., 10, Q11002, 
doi:10.1029/2009GC002709. 



 9 

[47] Fischer, A. D., Z. G. Peng, and C. G. Sammis, (2008b) Dynamic triggering of high-
frequency bursts by strong motions during the 2004 Parkfield earthquake sequence. 
Geophys. Res. Lett., 35, L12305. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 10 

Exemplary Figure 
 

 
Figure 2: Seismic velocity data near the Pilot Hole as a function of depth. Well log data 
in granite after Boness and Zoback [2004] and sandstone log after Ryberg et al. [2012]. 
Seismic survey data inversions: blue dashed and green dotted “R” curves are two 
estimates by Ryberg et al. [2012] and purple dashed “Z” curve is estimate by Zhang et al. 
[2009]. The shallow seismic velocity at the nearby UPSAR array (box U) [Fischer et al., 
2008b] is shown, as the inversions did not have good shallow resolution. Note that S-
wave velocity increases slowly with depth within the granite. The tracked line is the 
square root of depth calibrated with the sandstone data expected from low-cycle fatigue 
at constant dynamic strain, produced by ca. 2 m/s particle velocity. This implies that the 
Parkfield segment occasional participates in earthquakes with ca. 5 m of slip. 
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Intellectual Merit & Broader Impacts 
 
Inferring the past and future amplitudes of strong seismic shaking is central to the SECC 
project. We infer past shaking from strong Love waves (expressed as peak ground 
velocity) from the shear wave velocity as a function of depth within the sedimentary 
basins of Greater Los Angeles. Crack failure, damage, and nonlinear attenuation occur 
when dynamic stress exceeds frictional strength. Conversely, the persistence of stiff 
intact rock and ambient tectonic stress at shallow depths is a fragile geological feature. 
Strong waves from San Andreas events funnel through Whittier Narrows. We expect that 
past waves have relaxed shallow ambient tectonic stress beneath this region. In general, 
our results aid in formulating, extending, and understanding nonlinear numerical 
calculations of strong seismic waves. 
 
The relaxation of tectonic stress during strong shaking produces anelastic strains. These 
strains accommodate the shallow tectonic deformation that is associated with thrust faults 
at greater depths. In general, strong seismic waves modulate tectonics. We have prepared 
outreach paper on the analogous tidal process on the Saturn moon Enceladus. Strong tides 
cause repeated frictional failure in the shallow ice. With regard to the SCEC purview, 
strong seismic waves from rupture tips in major earthquakes likely modulate near-fault 
tectonics. The waves weaken the rock in friction within a kilometer of the main fault. 
 
We searched for examples that demonstrated nonlinear behavior of seismic waves. Strong 
low-frequency Rayleigh waves appear to have suppressed high-frequency S-waves. The 
tensile cycle of strong high frequency P-waves likely suppressed high frequency S-
waves. The stresses ahead of the rupture tip of the Landers earthquake likely brought the 
uppermost few hundred meters of granite into frictional failure. This process suppressed 
high-frequency S-waves. 
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