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Our work began from our work in deriving the microphysical basis of rate and state 
friction [1-3]. This physics is applicable to both crustal fault environments and the 
shallow subsurface. We concentrated on shallow processes for the practical applications 
of exceedance and nonlinear attenuation. Hill slopes, intact rock, and seismically 
damaged regolith are long-lasting fragile ubiquitous geological features. 

Sackungen on hill slopes. Our proposal concentrated on the behavior of regolith on 
hill slopes. Strong seismic shaking brings regolith beyond its elastic limit. The transiently 
weakened material preferentially moves downhill analogous to an object on a vibrating 
ramp. Over repeated events of strong acceleration, the uppermost 10s to 200 m of a hill 
slope moves statistically downhill by an amount scaling to the product of the dynamic 
displacement and the slope [4]. This process produces ridge-top spreading and over time 
has the net effect of a slow deep landslide, called a sackung [5]. 

The rarity of sackungen on modest slopes and the survival of steep slopes indicate 
that dynamic motions sufficient to cause slope instability are relatively rare in seismically 
active areas. We base our work on the obvious concept that molecular to crack-scale 
processes in rocks do not distinguish between remote sources of stress. We began with a 
simple model for high dynamic accelerations on shallow slopes. Hill-slope material 
should systematically move downhill in strong shaking. Simple scaling relationships 
provide constraints. Dynamic stress scales to 

€ 

τ ≈ ρcV , where  is density,  is seismic 
(here S-wave) velocity,  is particle velocity. In the near surface, this relationship 
applies with the understanding that  measured at the surface and  measured at the 
quarter wavelength depth; both are twice the plane-wave value. The dynamic acceleration 
and dynamic displacement  inferred from the dominant frequency on a velocity 
seismogram are thus relevant. 

In the case of strong damage and strong nonlinear attenuation, the anelastic 
displacement  scales with the dynamic displacement. It occurs over the quarter 
wavelength depth or dimensionally the scale depth . The acceleration is crudely 1 g 
by assumption, so the ratio of ambient gravitational force from the slope  to dynamic 
force is , and the net downhill displacement scales with . Earthquakes occur every 
seismic cycle of length .  The long-term volume flux of material perpendicular to a 
contour is  

 (1) 

where the factor of 2 represents that gravity both enhances downhill creep and retards 
uphill creep. Geomorphologists measure  [e.g., 6] and the factor ; a value of 0.015 
m2 a-1 is appropriate for the San Gabriel and San Bernardino Mountains of California [7]. 
Most of this real flux occurs in shallow soil, not deeper regolith. Our computed value of 

 is much greater than the observation. For Parkfield, =30 m, =0.1 m, and 
=30 yr, yielding  = 0.2 m-2 a-1. The estimate is similar for regions with less 

frequent but stronger earthquakes (e.g., Wrightwood), as the scale depths of their waves 
and their dynamic displacements are larger than at Parkfield. 

Our estimate  conflicts with observations, as (1) leads to a diffusion equation for 
topography yielding a low-gradient undulant surface in both wet and dry regions. As our 
model is simple, we learn from its failure that sustained 1 g accelerations are rare. Deep 
slow hard rock landslides (sackungen) occur with and without shaking [e.g., 8-12]. 
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Equation (1) applies to slopes near the angle of repose where sackungen are common in 
California with the modification that downslope creep scales with dynamic displacement 
at much lower stresses and accelerations. 

We found that down slope creep is more complicated at low dynamic accelerations 
than we envisioned in our proposal [13], but much generally relevant to PGV. Near-field 
velocity pulses from strike-slip faults produce shear traction on crack networks causing 
Coulomb failure lasting over 1 s. The weakened regolith slides downhill under gravity 
while high dynamic stresses persist. Modest slopes ~20° move more than 1 m downhill 
[5] in agreement with this mechanism. In contrast, observed anelastic displacements are 
much greater than the dynamic displacement across the regolith. 

Self-organized S-wave velocity within regolith. We obtained a much more widely 
applicable method of constraining past PGV as an extension of our work on sackungen. 
The shallow subsurface experiences essentially displacement/strain boundary conditions 
for long wavelength surface waves and near-field velocity pulses. For explanation, we 
start the process with stiff intact rock all the way to the surface and consider Love waves. 
Finite shear tractions exist at the surface on vertical planes. Coulomb failure occurs at the 
imposed strain if shallow rock is sufficiently stiff. However, crack failure of stiff rock 
during each event makes the resulting regolith more elastically compliant in the next 
event. Regolith thus self-organizes so that it just reaches failure at typical PGV and 
becomes strongly nonlinear at still higher PGV. We observe the expected increase of S-
wave velocity with depth (Fig. 1 and Fig. 2). 

We computed simple models of the shear stresses associated with surface waves in 
the Los Angeles basin [14]. Site effect methodology is quite inadequate as the energy 
propagates horizontally attenuating along its full basin path near the surface. These waves 
are essentially Love that cause shear tractions on vertical planes [15-16]. Coulomb failure 
criteria are always exceeded at sufficiently shallow depths. We obtained simple synthetic 
seismograms based ShakeOut [16-19] for a site near Whittier Narrows and the underlying 
velocity structure from the SCEC Community Modeling Environment, 1.5 m/s particle-
velocity waves as from an event on the San Andreas Fault [17,19] are between strong and 
weak nonlinear attenuation. Nonlinear attenuation can be included in such numerical 
models if it is calibrated [17,19-20]. (2.5 m/s [20] is likely in the nonlinear range in the 
real Earth). We found that 0.5 m/s particle-velocity waves (like the Landers mainshock at 
LA [15]) produce Coulomb failure in the upper 10s of m and some failure in deeper in 
pre-stressed rock that has repeated failed in previous events. Little elastic strain energy 
resides at these shallow depths, so the process does not contribute much to macroscopic 
attenuation. It, however, should leave damaged rock with transiently lowered seismic 
velocity. Detection of this effect by passive high-frequency surface-wave seismology 
would calibrate the damage process, but the station distribution at in the Los Angeles 
basin for Landers is too sparse. 

Our result that expected strong ground motions just reach predicted nonlinearity is in 
a sense frustrating, in that it is not clear whether nonlinearity is actually significant. Yet 
this result seems to be generally applicable. Strong vertical S-waves at Parkfield reached 
mild nonlinearity at ~0.8 g [21], while frequent sustained accelerations of >1 g would 
trigger repeated and hence long-term downhill movement incompatible with the 
persistence of rugged topography throughout California. Intact rocks at Cajon Pass and in 
the San Fernando Valley would fail at PGV ~2 and ~1.5 m/s respectively (Fig. 1). (This 
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limit is useful comparing dynamic model 2.5 m/s [20].) Rock within the Mission Hills 
anticline would fail at 0.75 m/s (Fig. 2). We suggest in general that the shallow 
subsurface self-organizes within seismically active areas so it has this convenient 
property that provides both a past PGV criterion and especially for basin waves an 
extreme motion criterion for linear propagation. 

Simple analytical results accrue for basin Love waves and apply to near-field pulses 
with mainly horizontal motion. Following [22, chap. 5], the wave propagates in the 
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x1 
direction, Love wave motion is in the 

€ 

x2  direction, and 

€ 

x3  is upward. The traction 

€ 

τ 23 is 
0 at the free surface. The dynamic displacement 

€ 

U2  and the strain 

€ 

ε12 are continuous with 
depth. The shear traction on vertical planes is 

€ 

τ 23 ≈GV2 /cL , where 

€ 

G = ρcS
2  is the local 

shear modulus, 

€ 

ρ  is density, 

€ 

cS  is S-wave velocity, 

€ 

V2  is particle velocity, and 

€ 

cL  is 
Love wave phase velocity (insensitive to shallow structure). Analogous more 
complicated formulas apply to Rayleigh waves. The applicable formula for near-field 
velocity pulses 

€ 

τ ≈GV2 /cH  involves the effective hard-rock velocity at depth, 

€ 

cH . In 
contrast, vertical S-wave produce Coulomb stress ratios above the quarter-wavelength 
depth that are approximately the dynamic acceleration in g’s. 

Macroscopic Coulomb failure occurs when 

€ 

τ > µstartρZ , where 

€ 

µstart  is starting friction 
and 

€ 

Z  is depth. Cohesion is easily included. Beginning with intact sandstone near Cajon 
Pass, there is considerable scatter in nearby measurements of seismic velocity (Fig. 1). 
The higher velocities should be given more weight as processes unrelated to earthquakes 
can reduce seismic velocity. Application is straightforward as 

€ 

ρ  does not vary a lot. 
Calibrated frictional properties of intact sandstone [23] from the Linker and Dieterich 
relationship [24], constant coefficient of friction of 1 with 0.5 MPa of cohesion give 
similar results. The results are in agreement with the conclusions of Anderson et al. [25] 
that this sandstone has not experienced PGV above 2 m/s. 

The San Fernando Valley provides useful results for PGV from simulations of basin 
waves, as its coarse clastic rocks [26] that should fail in friction exist in the shallow 
subsurface (Fig. 1). Exhumed sediments (class CD [27]) are relatively stiff. The observed 
S-wave velocity with depth corresponds to failure at a coefficient of friction of 1 and 
PGV of 1.5 m/s. We obtain 0.75 m/s for a site in the San Fernando Valley (Fig. 2). Strong 
nonlinear attenuation would over a range of shallow depths sapping the wave at higher 
PGV. Accumulating alluvium  (class D) provides a less useful limit on PGV of 3 m/s. 
Crudely, seismic shaking does not limit compaction of alluvium. 

We have extended our formalism to intact granite that fails at higher coefficients of 
internal friction and pulverized rock where both state and S-wave velocity both depend 
on porosity. The state-porosity relationship [28] needs to be modified at low normal 
tractions, but the relationship S-wave velocity and state is more robust. For reasonable 
relationships, changes in shear modulus (not state and frictional properties) dominate 
behavior. Seismic studies resolve shallow stiff rock in seismically active areas including 
Tehran [29], St. Louis [30], and Mission Hills [31] providing useful limits on shaking. 

Overall, intact rock and regolith have desirable properties of fragile geological 
features, being widespread and have experienced vast knowable numbers of earthquakes. 
Shallow seismic velocity is measurable [26-31]. Cracks or the lack there of can be seen at 
outcrop. The P.I. with due diligence confirmed the lack of macroscopic cracks in the 
sandstone at Cajon Pass. Areas of damaged rock can be recognized from erosion patterns 
[32]. We understand that plans are underway to measure S-wave velocity at these sites. 
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We are aware that self-organized regolith may occur from large asteroid impacts on 
the Moon and in the shallow subsurface of moons and planets with strong tidal stresses. 
As outreach, we plan to investigate these topics and their relationships to astrobiology, 
while keeping to our main SCEC activities. The Moon has been extensively studied and 
given the lack of detailed seismic data in seismically active areas on the Earth may 
provide ground truth to our suggested methods. We are also collaborating with Don Lowe 
on ~3.4 Ga regolith damaged by a teleseismic large asteroid impact. 
 

 
 
Figure 1: (a,b) S-wave velocity as a function of depth in sandstone in three closely 
spaced profiles at Cajon Pass [29] and (c) averages for exhumed sediments (class CD 
[27]) and alluvium (class D [27]) in the San Fernando Valley [26]. Frictional failure at 
given particle velocity labeled in m/s occurs if the S-wave velocity is to the right of the 
smooth curves. Failure at given seismic velocity occurs at particle velocities to left of 
curve. Failure criteria for intact sandstone (a) from [24] and for coefficient of friction of 1 
with 0.5 MPa of cohesion (b) are similar. San Fernando CD rocks follow a failure curve 
for a coefficient of friction of 1 and 1.5 m/s particle velocity. These rocks have thus not 
experienced stronger shaking, since exhumation. The shallow subsurface self-organizes 
to this status for typical strong waves. Still stronger waves attenuate nonlinearly. 
Modified from [33]. 

 
Step-overs and blind thrust faults. We became aware of another widely occurring 

possible process of self-organization as a result of our work on the San Fernando Valley. 
For the most part, stress boundary conditions apply within tabular fault zones. Strain 
boundary conditions, however, may apply within moderately shallow (upper ~ 2 km) 
zones where rupture jumps laterally between one fault trace and another. The kinematic 
strain in the step-over zone is the ratio of static slip to the offset of the zone. Starting with 
intact rock, static coseismic strain in the step-over causes high stresses and cracking that 
relieves the stress. The damaged rock becomes more compliant eventually reaching a 
level where slip in a single earthquake barely causes stresses for Coulomb failure, leaving 
post-seismic static stresses. Creep in the interseismic interval may relax these stresses so 
the cycle can repeat. Elastic strain energy stored in the step-over zone reduces the 
available energy for seismic waves [34]. 
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Figure 8. O’Connell and Turner [31] measured interval S-wave velocity as a function of 
depth for the San Fernando Valley in exhumed sediments of the Mission Hills anticline. 
The theoretical curves assume a Love wave phase velocity of 1500 m s-1. PGV of 0.75, 1, 
and 1.5 m s-1 correspond to dynamic shear strains of are 5, 7, and 10×10-4. Regolith will 
fail during shaking from Love-waves if its interval S-wave velocity lies to the right of the 
curves. These exhumed sediments yield a useful upper limit on past PGV of 0.75 m s-1. 
From [33]. 

 
We do no know how common this process is. The step-over itself is likely to be an 

effect of deeper failure on the faults [35]. Loma Prieta [36] and Haïti faults, which do not 
breach free surface, are analogous. Shallow afterslip occurred above blind Northridge 
[37-38, cf. 39] and Boumerdes (Algeria) [40] faults. Shear modulus in step-overs and 
above blind thrusts is measurable [30, 34, 41-42]. Static displacements and static stress 
changes can be estimated. Long-term creep in the sense to relax static stresses may be 
detectable [43]. 

We have developed simple theory with realistic hard sediment rheology for modeling 
inter-seismic creep above blind thrusts. The rheology of shale is complicated but it may 
sometimes behave as a linear or power-law viscous fluid [44]. Interbedded sandstone and 
shale may have a Bingham rheology. Below a yield stress friction in the sandstone locks 
the rock. Above the yield stress, the sandstone deforms at a constant local stress under 
friction and the shale deforms viscously accommodating the remaining macroscopic 
stress. At still higher macroscopic stresses both sandstone and shale deform under 
friction. The shear stress in the step-over decreases as creep occurs between earthquakes. 
This behavior requires that viscosity is within an appropriate range. 
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