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Summary 
 
We continued to investigate the amplitude of past and future strong seismic waves. 
Sufficiently strong surface waves impose dynamic strain that brings the shallow (upper 
few 100 m) subsurface into frictional failure. The dynamic strain is nearly constant with 
depth and proportional to peak ground velocity; the dynamic stress is proportional to 
strain times the shear modulus. In the simple situation of constant rock density, constant 
coefficient of friction, and surface water table, the failure stress increases linearly with 
depth. Stiff rocks crack under the imposed strain, which reduces their shear modulus. 
Eventually, the rock self-organizes so that the shear modulus increases linearly with 
depth, so that failure is barely reached during typical strong shaking. Conversely, 
stronger future dynamic strains will the subsurface into frictional failure nonlinearly 
attenuating the seismic waves. The effect on shear modulus is predictable but more 
complicated if the water table is not at the surface and the coefficient of friction is not 
constant. High-resolution well logs near Parkfield and San Jose provide data that is 
consistent with these predictions. Ambient tectonic stresses should relax during nonlinear 
failure, accommodating long-term tectonic deformation. Shallow distributed tectonic 
deformation occurs beneath frequently shaken Whittier Narrows. We began to investigate 
the analogous effect of strong near-fault seismic waves on near-fault deformation at 
seismogenic depths. Heat-flow data constrain the stress on thrust faults near Parkfield and 
the fault-normal stress on the San Andreas. Extreme stresses associated with crack-tip 
rupture and enhanced near-fault tectonics occur within 10-100 m of the fault plane. 
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Technical Report 
Self-organization of shallow shear modulus. 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. With respect to constraining strong past ground 
motions, the shallow subsurface is a fragile geological feature [1-4] analogous to 
precariously balanced rock [5]. Sufficient strong shaking topples rocks; survival of the 
rocks indicates that this level of shaking has not occurred during the lifetime of the rocks. 

We concentrated on near-field velocity pulses from strike-slip faults and surface 
waves. In both cases, the dynamic strain 

€ 

ε =Vp /c , the ratio of particle velocity to phase 
velocity, is nearly constant at shallow depths [6]. The dynamic stress 

€ 

τ  is proportional to 
the product of the shear modulus 

€ 

G and the strain. The frictional failure criterion is 

€ 

τfail = µ(Prock − Pwater ) = µgz(ρrock − ρwater ), (1) 
where 

€ 

µ  is the coefficient of friction, 

€ 

g  is the acceleration of gravity, 

€ 

z  is depth.

€ 

Prock  is 
the rock pressure on the fault plane, 

€ 

Pwater  pressure. The second equality applies in the 
special hydrostatic and lithostatic case that the rock density 

€ 

ρrock  and the water density 

€ 

ρwater  are constant and the water table is at the surface. Failure commences when the 
dynamic stress equals the failure stress; the special case result is: 
 

€ 

GVp

c
= µgz(ρrock − ρwater )  . (2) 

The shear modulus tends to self-organize [2] by a process known as low-cycle fatigue in 
engineering [7] so the (2) is satisfied for typical strong particle velocity 

€ 

Vmax . We explain 
this process starting with stiff rock with shear modulus 

€ 

Gintact  all the way to the surface. 
Frictional failure occurs down to depth 

€ 

Zfail  obtained from (2). Failure produces new 
cracks, which reduces the shear modulus. Eventually the shear modulus decreases so that 
(2) is satisfied above 

€ 

Zfail . For simple conditions, the shear modulus increases linearly 
with depth; the S-wave velocity 

€ 

β = G /ρ  increases with the square root of depth. We 
obtain the maximum past peak ground velocity 

€ 

Vmax  by solving (2). We have observed 
that this situation applies within originally stiff rocks in strongly shaken areas [1-4,8]. 
Thereafter, typical strong shaking barely brings the rock into frictional failure. 
Conversely, waves with particle velocities greater than 

€ 

Vmax  will bring the subsurface 
above 

€ 

Zfail  into frictional failure, strongly attenuating the wave. Hence, 

€ 

Vmax is also a limit 
for future strong shaking. 

Accumulating sediments, rather than stiff exhumed rock, underlie much of Greater 
Los Angeles. We examined the use of high-precision well logs [3]. We plot 

€ 

G /z versus 
depth as the former quantity is constant with depth under simple conditions. We found 
that a few stiff coarse-grained beds have similar 

€ 

G /z within the Los Angeles basin which 
provides an upper limit of ~2 m/s for shaking from the near-field velocity pulse on the 
Newport-Inglewood fault. 

The quantity 

€ 

G /z will differ from a constant if the coefficient of friction varies and if 
the water table is at finite depth.  In particular, the laboratory coefficient of friction varies 
linearly between 0.85 for quartz-rich rocks to 0.40 for rocks with 45% clay content [9]. 
We examined high-precision well logs near San Jose [10-11] and lower resolution data 
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near Parkfield for this effect [12]. The Parkfield data exhibit the expected effects of finite 
past water-table depth and variations in clay content (Figure 1). The San Jose data are 
from accumulating sediments. They exhibit the expected effect of finite past water table 
depth. There are only a few clay-rich units that qualitatively exhibit lower values of 

€ 

G as 
expected from a reduced value of 

€ 

µ  in (2). 
 

Nonlinear interaction of different classes of seismic waves. Part of our effort is to seek 
field examples of nonlinear attenuation of strong seismic waves. A key testable 
prediction is that rock does not distinguish between remote sources of stress. Different 
classes of strong seismic waves should nonlinearly interact with each other. Second, 
Rayleigh waves change the mean stress. The horizontal failure stress from the 
compressional cycle should be greater than the failure stress for the compression cycle, 

  

€ 

Δσ fail =
2µ

1+ µ2( )1/ 2 ∓ µ

⎡ 

⎣ 

⎢ 
⎢ 

⎤ 

⎦ 

⎥ 
⎥ 
Peff  , (3) 

where 

€ 

Δσ fail = ΔσT  for horizontal tension with the plus sign and 

€ 

Δσ fail = ΔσC  for 
compression and 

€ 

Peff  is the effective vertical stress. The full horizontal stresses at failure 
are 

€ 

σFT ≡ Peff − ΔσT  in tension and 

€ 

σFC ≡ Peff + ΔσC  in compression. 
We examined Tohoku records for polarity effects on Rayleigh waves [4]. The 

tensional cycle should be preferentially attenuated if there is no ambient tectonic stress. 
Compressional cycles should attenuate if the ambient tectonic stress is already near 
failure. We observed neither effect. It is conceivable that the Rayleigh waves were too 
feeble to produce strong nonlinear attenuation. In addition, Rayleigh waves may bring the 
uppermost tens of meters of stiff rock into nonlinear failure without causing strong 
nonlinear attenuation. High-frequency S-waves passing through the nonlinear region 
should be suppressed. We observed the expected effect at station MYGH05 for the 
Tohoku earthquake [4] and El Pedregal Station for the Coquimbo Chilean earthquake 
(Figure 2). There are no suitable rock-station records for the Maule earthquake [14]. At 
the request of BSSA reviewers, we have accessed more suitable Tohoku records that we 
will include in our revision. 

We resolved no polarity effect of Rayleigh waves on their suppression of S-waves 
[4]. One possibility is that failure for S-waves occurs on horizontal planes so that the 
change in mean stress from Rayleigh waves does not have a significant effect. Another 
possibility is that the shallow horizontal tectonic stress in the presence of frequent strong 
Rayleigh waves self-organizes to 

€ 

(σFT +σFC ) /2, where the dynamic stress for failure 
does not depend on wave direction or polarity and the dynamic change in horizontal 
stress for failure is the maximum. 

High-frequency P-waves should nonlinearly interact with high-frequency S-waves 
[15]. The normal traction on horizontal planes is low during the tensional cycle of P-
waves, allowing frictional failure that suppresses S-waves. Conversely, stronger S-waves 
propagate to the surface during compressional P-waves. This effect may be present at 
Lucerne station for the Landers earthquake, but shallow reverberations complicate 
analysis [4]. 

The near-field velocity pulse from the Landers earthquake beneath Lucerne station 
likely brought the uppermost few hundred meters of stiff granite into frictional failure. 
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High-frequency S-waves should not have efficiently propagated through the nonlinear 
region at this time. We observed the expected effect [4]. 

We concentrated on nonlinear methods that could be applied to a single station. We 
note that more subtle nonlinearity may be observed within a dense array. For example, 
Rayleigh wave trains may impinge from various directions during a great earthquake. 
Strong positive interference with nonlinear attenuation will occur at some locations. The 
nonlinear attenuation is effectively a sink (source that reduces overall wave energy). It 
should radiate observable surface waves. 
 
Modulation of long-term tectonics by nonlinear behavior during strong shaking. A 
second testable aspect is that rock should not distinguish between dynamic stresses and 
tectonic stresses. Nonlinear frictional failure during strong shaking thus should 
preferentially occur when the tectonic and dynamic stresses are favorably aligned. The 
net effect is do reduce the tectonic stress. The anelastic strains occur with the sense to 
accommodate long-term tectonic deformation. We have already examined shallow 
tectonic stress at the Parkfield Pilot Hole as a fragile geological feature [8]. 

The relaxation of tectonic stress during strong shaking implies that strong seismic 
waves modulate long-term tectonics [15]. A similar effect occurs on the Saturn moon 
Enceladus, where strong tidal stresses interact with tectonic stresses within cold ice. We 
concentrated on Whittier Narrows, as it is a chokepoint for strong Love waves from San 
Andreas events propagating toward downtown Los Angeles [16-22]. Folds and thrust 
faults strike subparallel to the main San Andreas [23-26]. Strong Love waves bring the 
uppermost few hundred meters into nonlinear failure. Compressional tectonic stresses 
relax and the distributed anelastic strain accommodates fault-normal convergence. Thrust 
events inefficiently propagate upward through the shallow region where tectonic stresses 
are already relaxed and long-term tectonic strains already accommodated. The thrusts are 
thus essentially blind. 

We have begun to investigate the interaction of near-fault dynamic stresses with 
tectonics at seismogenic depths. We concentrated on the Parkfield region where folds and 
thrusts strike subparallel to the main San Andreas Fault [27-28]. We constrained the 
distance that extreme dynamic stresses extend from the main fault plane. It is well known 
that no resolvable heat flow anomaly is associated with frictional heating on the San 
Andreas Fault [29-33]. The average failure stress on the fault is 10-20 MPa [30-31], 
compared with ~110 MPa from (1) assuming lithostatic and hydrostatic stress on the fault 
and laboratory values of the coefficient of friction. Furthermore, the fault crosses a region 
of subparallel folds and thrusts. The normal traction on the main fault should be the 
horizontal stress 

€ 

σFC  for horizontal compression on thrusts in (3). 
We used off-fault thrust deformation and heat flow to constrain the average strength 

of thrust faults. The convergence strain rate is ~1 mm/yr across 10 km of strike [27-28]. 
The work per surface area and hence the excess heat flow is proportional to 

€ 

ΔσC  in (3). 
We obtained an upper limit on the coefficient for thrusting of 0.6 where the effective 
normal traction on the fault is ~3 times the effective lithostatic stress. For this effective 
normal traction of ~480 MPa at 10 km, the heat flow constraint becomes more severe; 
only a few percent of the total slip can only at the laboratory coefficient of friction. 

Rupture-tip theory provides insight [33-37]. A small zone of high dynamic stresses 
with the laboratory coefficient of friction exists at the tip of the earthquake rupture. Slip 
dynamically weakens fault plane by flash melting and/or thermal pressurization. For 
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realistic amounts of total slip, the length scale of the rupture-tip region is ~100 m for 
lithostatic normal traction and ~10 m for thrusting normal traction. Extreme seismic 
waves with particle velocity of 10 to 30 m/s occur within this distance of the fault. Off-
fault deformation from kinematic irregularities on the fault plane is enhanced within these 
distances of the fault. There is also a slight tendency for material within the fault damage 
zone to extrude upwards. 

Modulation of tectonics by strong seismic waves also occurs near the tip of the 
accretionary wedge during strong shaking [38]. The process is essentially a sackung, but 
on a much larger scale. For sackungen near the San Andreas Fault, strong dynamic 
stresses bring the uppermost tens to hundreds of meters of a hillside into frictional failure 
[39-40]. The rock does not distinguish gravitational stresses from dynamic stresses. 
Anelastic strains preferentially produce downslope slip of ~1 m. The process 
demonstrates the reality nonlinearity from the interaction of dynamic and static stresses. 
The relative rarity of sackungen and the persistence of topographic relief are effectively 
fragile geological features that show that dynamic stresses that form sackungen are 
relatively rare. 

In general, nonlinear behavior with preexisting stresses is suitable for nonlinear 
modeling [22]. Codes for acretionary wedges and sackungen need to be able to represent 
stresses associated with gravity and topography. Long-term codes for long-term 
deformation need to be able to advect and rotate anelastic strains. We intend to provide 
guides for formulating and understanding numerical models in addition to finding ways 
to show the reality and physics of nonlinear behavior.  

 

1   2  
Figure 1: The shear modulus divided by depth versus depth is shown for the Vineyard 
Canyon and Stockdale Mountain strain-meter holes, data on exhumed sediments from 
[13]. Theoretical failure curves (dashed lines) were calculated from (1) and (2) for 
constant dynamic strain and constant coefficient of friction. They include the effects of 
finite water table depths (20 and 25 m) 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 of the plotted curve as does the observed curve. 
Recent compliant sediments occur above 20 m at Stockdale. 
Figure 2. 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. El Pedregal Station for the Coquimbo Chilean earthquake. 
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Exemplary Figure 
 

 
Figure 1: The shear modulus divided by depth versus depth is shown for the Vineyard 
Canyon and Stockdale Mountain strain-meter holes, data on exhumed sediments from 
[Stewart and Johnson, 1993]. This quantity is expected to self organize to the theoretical 
failure curves (dashed lines) calculated for constant dynamic strain during strong 
earthquakes and constant coefficient of friction. The curves include the effects of finite 
water table depths (20 and 25 m) and densities logged within the holes. The Vineyrad 
rocks are all quartz rich and are expected to have the same coefficient of friction. The 
coefficient of friction decreases with clay content. The Stockdale Mountain borehole 
becomes more clay-rich with depth below 105 m depth. A theoretical failure curve at 
given dynamic strain that included clay content would move to the left of the plotted 
curve, as does the observed curve. These results qualitatively support the concept that 
nonlinear failure self-organizes the shear modulus at shallow depths. Recent sediments 
that occur above 20 m at Stockdale are too compliant to fail under the imposed dynamic 
strain. 
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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 and past near-field velocity pulses 
(expressed as peak ground velocity) from the shear modulus as a function of depth within 
the sedimentary basins of Greater Los Angeles and Greater San Jose. 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 have warned that pumping the water table down to a few 
hundred meters depth in this region would allow much stronger Love waves from San 
Andreas events to impinge on Downtown Los Angeles. Fortunately, the current 
hydrological practice is to recharge ground water at Whittier Narrows, thereby 
maintaining the water table at shallow pre-industrial levels. 
 
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 published an 
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. These waves weaken the rock in friction within tens to hundreds of the main 
fault. 
 
Our work on slow seismically modulated landslides, sackungen, is analogous to nonlinear 
failure within the tow of the accretion wedge during great earthquakes. This distal part of 
the wedge slips seaward with anelastic strain occurring within the wedge. There is a net 
downhill movement of wedge material driven by gravity. The large displacements in the 
wedge generate huge tsunamis as in the Tohoku earthquake. A similar process may be 
relevant to the tow of the wedge in Nepal. 
 
We continue our interest in extreme seismic waves associated with large asteroid 
impacts. We plan fieldwork to look for rock damage with Peter Olds and his 
undergraduates at no cost to SCEC with rocks in Colorado that formed at the time of the 
end Cretaceous impact. There are barite deposits associated with the sudden release of 
fresh groundwater from aquifers through cracks into shallow marine environments. 
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