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Nonlinear behavior of the shallow subsurface [1-2] is central to the SCEC purview of strong 
ground motions. The rheology of sliding fault surfaces [3-5] is essential to dynamic modeling of 
fault rupture. We also finished a limited field project related to the Ridgecrest earthquake sequence 
[6] and continued our field work related to strong shaking from the end-Cretaceous asteroid impact 
in Montana. There are currently delays from the COVID-19 pandemic. We have no access to our 
offices, multiprocessor computers, and our Ridgecrest field sites. The P.I. became only mildly ill 
from a likely (untested) case that caused little delay. There is still a dearth of virus testing in the 
Bay area. The P.I. will get an antibody test once they are available and should then be freer to 
move around. 
Shallow nonlinear seismology. Strong body waves may bring the shallow subsurface into 
nonlinear failure. Energy is dissipated from the waves and the overall intensity of shaking is 
reduced. We have examined records from the 2016 Kumamoto sequence [1], the 2002 Denali 
mainshock at station PS10 [2], and the 1992 Landers earthquake at station LUC [2]. Simple scaling 
relationships arise if a near-surface low-velocity layer exists. (1) The waves refract into nearly 
vertical paths. Analytical and nonlinear numerical modeling become simple for vertically 
propagating waves within a laterally stratified medium. Inelastic failure may be represented as 
horizonal shear on horizontal planes. (2) The Coulomb ratio of dynamic stress to lithostatic stress 
from S waves is the normalized acceleration in g’s. A Coulomb frictional material is predicted to 
fail when the normalized dynamic acceleration exceeds the effective coefficient of friction. 
Dynamic (resolved) horizontal acceleration is predicted to clip in g’s at the effective coefficient of 
friction. (3) A similar relationship applies for vertical P waves. The ratio of vertical dynamic stress 
to lithostatic stress is the normalized vertical acceleration. Strong downward accelerations around 
1 g should bring the shallow surface into tensional failure. Downward acceleration thus is predicted 
to clip around 1 g. This effect has been observed during large earthquakes [7-11]. 

P waves were relatively feeble at station PS10 during the Denali mainshock [2]. Thus, 
considering the event as having only vertical S waves provides a reasonable approximation. The 
observed horizontal signal is circularly polarized for about 1/3 of a cycle and clipped at ~0.35 g. 
An effective coefficient of friction of ~0.35 is acceptable for the water-saturated gravel that 
underlies PS10. The result is thus consistent with the hypothesis of frictional failure. The journal 
reviewers were highly sceptical of scaling relationships in general and our use of a nonstandard 
engineering rheology for gravel in particular. We thus calculated numerical models that 
demonstrated our scaling relationships. PS10 is isolated from other stations, so we do not have a 
viable way to predict the upcoming signal without using its record to obtain a wiggle match. 

The paired borehole and surface station KMMH16 recorded strong shaking from the 2016 
Kumamoto large foreshock and mainshock. We studied these records in both the time domain and 
the frequency domain [1]. A thin layer of low-velocity muddy weathered soil overlies stiffer rock 
beneath KMMH16. The vertical and horizontal resonant frequencies in the shallow layer decreased 
during strong shaking in the mainshock indicating that nonlinear failure in the layer produced 
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damage. In addition, we used modest-amplitude arrivals from events between the large foreshock 
and the mainshock do construct linear transfer functions. These transfer functions adequately 
predicted the initial (mainshock) weak arrivals at the surface from the borehole record. They failed 
to predict the surface record once strong shaking occurred indicating nonlinearity. A conventional 
frictional rheology produced a very poor representation of the observed surface record for the 
mainshock: (1) Clipping in g’s should occur at the effective coefficient of friction for dry rock, 
~0.7. However, nonlinearity commenced at ~0.2 g or an effective coefficient of friction of 0.2. 
Moreover, the resolved horizontal acceleration reached ~1.2 g. In addition, strong downward 
accelerations should have caused tensional failure and reduced the strength of horizontal planes in 
shear. We observed no suppression of S waves during times of strong tensile P waves. We 
suggested that the shallow soil behaved as a mildly nonlinear viscous material where the inelastic 
strain rate depends on the deviatoric stress but not the normal traction. 

Journal reviewers were again highly skeptical scaling relationships and objected to the use of 
nonlinear viscous rheologies, which are widely used in other fields of geodynamics. We developed 
one-dimensional numerical models where the wave propagated from the borehole station to the 
surface through a layer over a half-space. The subsurface structure beneath KMMH16 is not well 
enough known for a more sophisticated structure. The models included nonlinear failure with 
damage and healing in the shallow layer. A frictional rheology provided the expected sharp 
clipping and hence a terrible fit to the observed surface data. A mildly nonlinear viscous rheology 
represented the characteristics of the surface record. We did not attempt a wiggle fit. 

Our work illustrates features that may occur in future large earthquakes. The scaling 
relationships and one-dimensional models are guides for future three-dimensional calculations, for 
example, if nonlinear failure occurs within a dense borehole and surface array. Hence, we 
examined records for the 2019 Ridgecrest strong foreshock and mainshock. The water table is 
likely deep beneath stations CLC and CCC, which experienced the strongest shaking. 
Accelerations from body waves appear to have been too feeble to have caused frictional failure. 
Low-frequency nonlinear failure within shallow crystalline rocks. We used simple scaling 
relationships to study nonlinear failure within crystalline rock beneath station PS10 during the 
Denali earthquake [2]. The process may be represented more quantitatively by three-dimensional 
nonlinear dynamic numerical models [12-15], but there are few stations near PS10. Only a generic 
model representing PS10 is feasible and warranted. Basically, the rupture propagated along the 
fault through deep stiff rock. To the first order, the near-field pulse imposed dynamic strains on 
shallower more compliant rocks. The peak dynamic strain scales with the peak ground velocity 
divided by the rupture velocity. The dynamic stress scales with the strain times the shear modulus. 
We found that the uppermost stiff crystalline rock at ~100 m depth beneath gravel was most prone 
to failure and that failure may have occurred down to ~2 km depth. 

We attempted to resolve damage to the shallowest hard rock and its subsequent healing by 
searching for transient changes in the reflection coefficient at the base of the gravel. The original 
PS10 record lasted ~80 s after the P wave and did not include signal for this purpose. The USGS 
installed a new PS10 at a nearby site that recorded from one week to two weeks after the 
mainshock. We unsuccessfully used P-to-S receiver functions and raw amplitudes of the conversed 
initial P-to-S arrival to search for transient changes in the reflection coefficient. This method may, 
however, be applicable to future well recorded events. 

We qualitatively resolved a deep nonlinear effect beneath PS10. Cracks in the crystalline rock 
do not distinguish between remote sources of stress. Here low-frequency dynamic stresses likely 
brought the subsurface into nonlinear failure. High-frequency S waves passing through the failed 
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region should also nonlinearly attenuate. High frequency S waves were in fact weak at PS10 during 
the near-field pulse. A similar effect occurred during strong shaking at LUC during the Landers 
earthquake. There are hints of weak S waves at CCC and CLC during the near-field pulse, but 
strong shaking was brief overall. 

Some puzzling behavior occurred at PS10: (1) The weak S waves persisted for over 10 s after 
the near-field pulse had passed. Perhaps, the S waves nonlinearly interacted with inelastic strain 
rates from the initial rapid healing of the damage. (2) The S waves were strongly depleted in high 
frequencies with an apparant Q of ~20. Simple frictional, plastic, and viscous rheologies do not 
suppress high frequencies in this manner. A rheology represented by multiple Maxwell spring and 
dashpots combinations acting in parallel can produce a nearly constant Q.  The effective viscosity 
(represented by a dashpot) and hence Maxwell times are expected to vary between stress 
concentrations in a highly nonlinear material. 
Fault rheology. We examined the nonlinear rheology of sliding faults [3]. The standard term 
“flash heating” for transient thermal weakening of fault planes is misleading. Three processes 
occur: (1) Micron-scale asperity tips slide at real stresses of gigapascals. The tips become hot and 
weak and slide at low shear traction. The macroscopic coefficient of friction is reduced. (2) 
Macroscopic friction heats the pore fluid which expands. If the sliding surface is adequately sealed, 
the effective normal traction decrease, which decreases the macroscopic coefficient of friction. (3) 
A millimeter-scale layer of low-viscosity melt forms, which slides viscously at a low shear 
traction. 

Following [16-18], we obtained a self-consistent conceptual model for thermal weakening at 
asperity tips. The model predicts the same onset of weakening as do traditional models [e.g., 19-
21]. However, the asperity tip does not lose all its strength once weakening commences. If its did 
greatly lose strength, microscopic frictional heating would wane, and the asperity tip would cool 
and strengthen. Rather, the asperity tip self-organizes so that that heat loss balances heat 
generation. We obtained a closed-formed analytic approximation for macroscopic friction and 
computed numerical models. The macroscopic coefficient of friction evolves over length of the 
size of the asperities, that is, tens of microns. For outreach, we extended the formulism to represent 
faults with cold (100 K) ice within outer-solar-system satellites [4]. 

We continue with the concept that sliding fault planes do not distinguish between remote causes 
of stress [5]. For simplicity, high-frequency S waves impinge of a fault sliding at velocity V=V0 
and shear traction t =t0. The dynamic stresses from the S waves perturb the sliding velocity and 
hence act as virtual double-couple sources. The net effect is that the S wave partially transmits 
through the fault plane; it partially reflects; and some energy is dissipated. The tendency to reflect 
depends on the derivative of sliding velocity relative to shear traction; the dimensionless slip-
reflection number NSRº(∂V/∂t)rb, where r is density and b is S-wave velocity, provides simple 
scaling relationships. This derivative is always instantaneously positive, but the longer-term value 
of the derivative may be negative for velocity-weakening rheologies including rate and state 
friction and thermal weakening mechanisms. We obtained a scaling relationship that applies for 
positive values of the derivative: the reflected amplitude normalized to the incident amplitude is 
0.5NSR/(1+0.5NSR). Strong reflection occurs for typical sliding velocity (meters per second) and 
strongly nonlinear rheologies, including rate and state friction. Weaker reflection occurs on fault 
planes with millimeter scale melting where the instantaneous rheology is linear. One-dimensional 
numerical models confirmed that our scaling relationships are exact for normally incident waves. 
We computed two-dimensional antiplane-strain models to show that reflection does occur during 
spontaneous rupture with velocity weakening from rate and state friction. 
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Observation of reflections and partial transmissions interrogates the rheology of a fault. A 
grooved fault that can slip only in the sliding direction is an interesting special case. The 
component of the S waves in the sliding direction may strongly reflect, while the component 
perpendicular to motion transmits. P waves are more complicated than here. They transiently and 
locally strengthen/strengthen the fault plane for shear. Transient variations of sliding velocity are 
again virtual double-couple sources. In general, transient variations of stress on the fault plane may 
cause heterogeneous fault locking in the waning stages of slip and hence residual stress 
concentrations. We note that fault reflections were observed during the 2015 Gorka earthquake 
[12]. Our work as usual is intended to aid full numerical modeling. 

We plan to continue our work on the 2004 Parkfield earthquake, but we are currently delayed 
by the pandemic. With William Ellsworth, we will search records from the Pilot Hole array for 
modest (Magnitude ~3.5) “spot-fire” earthquakes that occurred between the arrival of the P wave 
and the arrival of the S wave on the fault plane. The earthquakes did not evolve into full supershear 
rupture. We have candidate events that need to be distinguished from converted phases. 

We also plan to continue work on the interaction of strong high-frequency S waves with the tip 
of dynamic rupture. Basically, the high-frequency S waves arrive at the surface before the rupture 
tip during a strike-slip earthquake. The rupture tip enters the shallow region of nonlinear failure 
from the S waves. Stresses from the tip interact with those from the S waves. Failure occurs over 
a finite width at the surface and the static displacement is distributed over this width. Nevitt et al. 
[22] presented quasi-static models of surface rupture. We plan antiplane strain models as in [5]. 
We are delayed by the inaccessibility of large computers. 

Paleoseismology field work related to Ridgecrest earthquakes. Chance observations by the 
P.I. on his return from the 2019 SCEC meeting resulted in a field project. He had planned to visit 
the fallen pinnacle at Trona and thus took Trona road from US395 to SR178. There are nice 
exposures of spheroidal granite knobs at Wagon Wheel Staging Area (35.573°N, 117.551°, 3390 
m elevation). The P.I. stopped to search for fallen precarious rocks. Rather, he found numerous 
examples where low-lying boulders on the grus were mildly displaced within their sockets during 
the events (Figure 1). He documented the examples and then contacted the geologists working in 
the area. Susan Hough (USGS) examined the area and found an example of a semi-precarious rock 
that was displaced but not toppled (Figure 2). She confirmed that no boulders were displaced near 
a seismic station that recorded modest shaking. We worked together [6]. 

Mildly displaced rocks have not received much attention [e.g., 23-24]. We developed simple 
analytical and numerical models for low-lying and semi-precarious rocks. Low-lying rocks sliding 
when the dynamic forces exceed frictional resistance at the base. The grus does not significantly 
resist plowing by the edge of the rock and we confirmed with a small slab that the sockets have 
little tensional strength. Semi-precarious rocks begin to tilt when their instantaneous center of 
gravity becomes outside their base. In both cases, full (horizontal and vertical) dynamic 
accelerations are between 0.5 and 1 g. This shaking is somewhat higher for both the large foreshock 
and the mainshock than predicted by Shake Maps. We suspect that the damage was caused by the 
large foreshock; it has the closest fault rupture. 

More importantly, we recognized at a potentially applicable paleoseismic method. Organic 
debris of the year including twigs, seeds, and leaves were already starting to enter the gaps beneath 
the sockets in September 2019. Small animals may enter the gaps and become entombed. This 
datable horizon should underly the boulder until it is obscured by bioturbation. In contrast, the 
surface gaps are likely already obscured by hard rains. The P.I. became ill in mid-March and travel 
to Ridgecrest is now locked down. Calibration for paleoseismology seems feasible but would 
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require industrial equipment to lift boulders and scientists qualified to do the sampling. The 
locations of the 1992 Landers event and the 1872 Owens Valley event are well known. There are 
plenty of granite knobs with boulders resting on grus in these regions. 
Paleoseismology: End-Cretaceous impact. As outreach, we have collaborated with Peter Olds 
of Alameda College and taken junior college students to search for faults triggered by the end-
Cretaceous asteroid impact. We found two exposures of a fault that appeared to have slipped once 
in the immediate aftermath of the impact at well-known exposures near Trinidad CO [25]. We also 
found faults that slipped tens millennia after the impact in New Mexico and Montana but have not 
slipped since. An attractive hypothesis is that the impact triggered a very large number of huge 
intraplate events and it took tens of millennia for intraplate stress to return to normal. With the 
help of paleontologist Greg Wilson, we searched the Jordan MT area for more faults. Many faults 
cut the section well above the impact horizon. Our previously found faults that cut only slightly 
above the impact horizon are thus unrepresentative. Our data are thus inconsistent with a simple 
hypothesis that the impact transiently reset the tectonic stress in the Jordan area. 
 

 
 

Figure 1. Photographs of flat-lying rocks. Notebook (15 by 22 cm) gives scale. (a) Top view of 
detached soil along edge of flat-lying rock (R2). Soil and some organic debris have likely entered 
the gap. (35.573700°N, 117.553003°W) (b) Detached soil along edge of spheroidal rock (R3). 
(35.573721°N, 117.553025°W). (Photograph: Norman Sleep). 
 
 

 

Figure 2. Photograph of semi-precarious rock (R1) east of 
Trona Road (35.573095°N, 117.551453°W, 990.67 m 
elevation.) Object is ~3 m high. It tapers upward. Arrows point 
to soil detached along the base. Strong shaking jostled this rock 
but did not topple it. Some loose material appears to already 
have slumped into the gap. (Photograph: Susan Hough, USGS). 
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