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The amplitude of past and future seismic shaking is central to the SCEC purview. We 
made significant progress on the topics of strong shallow seismic waves, nonlinear 
attenuation of these waves, and the closely related topic of nonlinear behavior in the 
uppermost 2 km with reference to the 2002 Denali mainshock. We are continuing work 
on the nonlinear failure of shallow viscous muddy soil [1]. With regard to triggered and 
induced earthquakes, we studied well-known outcrops in Colorado and New Mexico of 
the K-Pg boundary. The impact triggered earthquake faults that have not slipped again 
[2]. We continued fieldwork in Montana. We modeled thermal weakening at asperity 
tips during rapid fault sliding, obtaining a convenient self-consistent formulation [3]. 
Nonlinear attenuation of vertically propagating S waves. We have continued to 
examine the effective rheology of the shallow subsurface associated with nonlinear 
attenuation of strong seismic waves. Our approach differs from traditional Masing rules 
that relate stress to strain [e.g., 4-7]. Masing rules predict seemingly unreasonable 
behavior (e.g., a fault that continues to slide at constant stress with rate and state 
friction remains locked at a constant stress). They are also very entrenched in the 
geotechnical literature. We are concentrating on the differences between nonlinear 
viscous materials, such as muddy soils, and frictional materials, such as hard rock and 
gravel. We consider flow-law rheologies that relate inelastic (or anelastic) strain rate 

€ 

ʹ ε  
(here in scalars for brevity) with shear stress 

€ 

τ  [1,8]. Such flow-law rheologies have 
been widely applied in geodynamics for flow within the hot mantle and creep with the 
lithosphere, but have not seen wide application in geotechnical work. Body waves 
refract to near-vertically propagation in low-seismic-velocity soils.  The approximation 
of exactly vertical S waves and P waves in laterally homogeneous structure leads to 
simple scaling relationships. For a frictional rheology, the inelastic strain rate goes from 
quite slow to quite fast around the shear traction 

€ 

τ f = µeffP ≈ µeffPlith , where 

€ 

µeff  is the 
effective coefficient of friction, 

€ 

P  is the normal traction, which for failure on 
horizontal surfaces is the lithostatic stress 

€ 

Plith = ρgZ , where 

€ 

ρ  is density, 

€ 

g  is the 
acceleration of gravity, and 

€ 

Z  is depth. With some algebra, the normalized resolved 
acceleration (in g’s) at failure for vertical S waves is 

€ 

µeff . A testable prediction in a 
strong event is that the resolved normalized acceleration should repeatably clip at 

€ 

µeff . 
For example, we observed clipping at Pump Station 10 (PS10) near the Denali fault in 
the 2002 Denali earthquake at 0.35 g (Figure 1), which is an appropriate 

€ 

µeff  for water-
saturated gravel in the uppermost ~100 m. A second testable effect arises because the 
ratio of dynamic normal traction to lithostatic stress is the dynamic vertical acceleration 
in g’s for P waves. Strong downward accelerations should reduce the normal traction 
on horizontal planes and cause shear failure that suppresses strong S waves. 

A nonlinear viscous rheology may apply to muddy soils with testable consequences.  
The inelastic strain rate increases slowly with shear traction. Furthermore, the normal 
traction and hence strong P waves may not matter. We observed the onset of 
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nonlinearity at a low normalized acceleration of ~0.2 but normalized acceleration above 
1.2 g for KiK-net station KMMH16 during the Kumamoto strong foreshock and 
mainshock [1]. Strong downward accelerations failed to suppress strong S waves as 
expected for a viscous rheology and not for frictional failure. We have submitted a 
more extensive version of our results to BSSA with Nori Nakata of MIT.	
Fault-plane rheology. We returned to the rheology of fault planes with two studies.  

First, reviewers took us to task for not understanding dynamic weakening for faults 
during large earthquakes. Part of the problem is that the term “flash heating” conflates 
micron-scale thermal weakening (sometimes melting) on asperity tips with millimeter-
scale melting on the fault plane. More importantly, the standard relationships for 
melting on asperity tips [9-14] are not self-consistent [3,15-17]. The standard model 
asperity tip loses all its strength once melting commences, but the weakened tip then 
should cool by conduction and then freeze. Self-consistent thermal models of asperity 
tips that assume a major effect of latent heat of melting are available [15-16], but the 
calculations are not readily duplicated. We obtained easily evaluated analytical scaling 
relationships and checked them with 1-D numerical calculations [3]. Results relevant to 
dynamical modeling of earthquakes include: (1) Weakening may occur over slip of ~10 
µm; the shear traction reaches rate-and-state frictional failure, but the duration of slip at 
this high stress is too brief to matter in large earthquakes. For modeling, the initial fault 
strength is effectively that with asperity-tip weakening. The asperity-tip model shear 
traction is high and at best marginally compatible with the heat-flow paradox on the 
San Andreas Fault [18-20] (2) Thermal weakening alone during significant earthquakes 
cannot weaken the fault plane enough to preclude thermal pressurization of the fault 
plane, or millimeter-scale melting if the fault plane is drained. The amount of slip for 
onset of these mechanisms sets an effective value of the slip-weakening distance 
starting from the asperity-tip strength for modeling purposes. 

Second, our work on major earthquakes including the Tohoku, Landers, and 
Kumamoto mainshocks shows that strong high-frequency body waves arrived as both S 
and P over extended durations. High-frequency body waves (from other parts of the 
fault plane) also should impinge on the sliding fault plane itself. The fault rheology 
should not distinguish shear traction from these waves from the low-frequency driving 
shear traction of the gross rupture. The high-frequency waves may reflect from or be 
partly transmitted through the fault plane thus interrogating its rheology. In addition, 
strong impinging waves may nonlinearly transiently strengthen the fault plane, locking 
it near the end of slip, thereby creating slip and stress heterogeneity. 

We obtained simple scaling relationships that depend on the dynamic shear traction 

€ 

τdyn = ρβV , where 

€ 

β is S-wave velocity, 

€ 

V  is particle velocity, and its derivative 

€ 

∂τdyn /∂V = ρβ and slip velocity versus shear traction on the fault 

€ 

∂Vslip /∂τ . We 
modified our existing 1-D numerical code [8] to include rapidly varying S waves 
perpendicular to the fault imposed on previously constant shear tractions and slip 
associated with the gross earthquake. These models are well posed only when the 1-D 
(that is laterally infinite) model fault is velocity strengthening. We confirmed scaling 
relationships with a simple velocity-strengthen rheology and with velocity-
strengthening rate and state friction. We used available 2-D antiplane code [21-23] to 
locally impose high frequency S waves into a more complete dynamic rupture model. 
We observed reflections and reduced transmissions from the sliding fault as expected. 
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We showed that shallow sliding faults should nearly completely reflect S waves, which 
may be observable. High frequency P waves should strengthen and weaken sliding 
frictional faults and hence nonlinearly generate secondary S and P waves. P waves 
should negligibly affect faults where a millimeter-scale viscous melt layer has 
developed. We have submitted a paper on our results to JGR. 
Parkfield mainshock. A testable hypothesis is that some jumps to supershear rupture 
are only partly successful. Then observable “spot-fire” minor earthquakes should occur 
ahead of the rupture front and S wave front on high-stress patches. For plausibility, 
earthquakes usually remain small. We have obtained Parkfield Pilot Hole digital 
seismograms from the 2004 mainshock and are working with William Ellsworth. We 
have identified Mw ~3.5 candidate spot-fire events. Examination of small aftershocks 
near the mainshock hypocenter showed strong radial and transverse coda in the P-to-S 
interval. We attempt to distinguish the putative spot-fire events from coda converted 
from P waves. In general, a weak P may precede a strong S from an earthquake, but it 
takes a strong P to produce a strong S wave by conversion. The transverse signal of our 
events is similar to known Mw ~3.5 aftershocks near the array. There are no Mw ~3.5 
(or smaller events) in the appropriate position to apply template methods [24-25]. 
Surface stations near the borehole were off-scale. Our work is the first to extensively 
use Pilot Hole mainshock data. We did not resolve supershear rupture [see 26]. We 
have paper nearly ready to submit. 

Societally, stress concentrations play a significant role in the propagation of major 
earthquake ruptures. The P wave may trigger rupture at a stress concentration on the 
fault plane with the net effect of supershear rupture [27-28]. The “forbidden” range of 
rupture velocities for homogeneous initial conditions [e.g., 29] does not apply. Rupture 
may jump to a nearby fault allowing a large earthquake to grow even larger [30-33]. 
Outreach on extreme seismic waves. As outreach, the PI worked in the field near 
Trinidad CO and Raton NM 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. The event occurred after the 
arrival of strong Rayleigh waves as the spherule bed, which arrived later was offset and 
disrupted by seismites. In the 2017 season, we examined the well-known Goat Hill 
locality at Raton NM. Multiple fault splays offset the K-Pg impact layer and ~30 cm of 
overlying siltstone. The fault as not slipped again analogous to the Madrid fault. We do 
not have good estimate of the duration in time represented by the siltstone. We have 
published paper in SRL [2]. We continued fieldwork at the Hell Creek locality in 
Montana. We found multiple faults that have been stable for the last 66 m.y. As at Goat 
Hill, these faults offset beds younger that the impact horizon, including dated bentonite 
beds [34-37]. That is, conditions favorable to normal faulting were present for tens of 
millennia at Hell Creek and have never returned. This observation lends support to the 
inference that extreme seismic waves from the impact (that have never recurred) 
damaged lithosphere globally, transiently modifying plate tectonics [38-40]. For 
plausibility, the magnitude 8.6 Wharton Basin Earthquake in 2012 released the 
intraplate stress throughout the lithosphere [41] and was likely triggered by the Sumatra 
megathrust event. We plan to time fieldwork to be with paleontologists that may 
provide tighter relative age constraints on fault slip. 
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Rock damage from near-field velocity-pulse during 2002 Denali mainshock. The 
near-field velocity pulse (defined phenomenologically) imposes strong dynamic strains 
and stresses on the uppermost kilometers in stiff hard rock. Frictional failure occurs if 
these stresses exceed the strength of the rock [42-44].  Inelastic strains associated with 
failure dissipate energy. The shaking at the surface for a given fault motion history is 
systematically less than it would have been had the Earth behaved elastically. In 
addition, the attenuation suppresses energy that would have otherwise driven rupture, 
often making the earthquake smaller than one in an elastic medium with given fault 
properties and given pre-quake stress field. In particular, shallow nonlinear attenuation 
suppresses waves at shallow (uppermost kilometers) depths causing the shallow slip to 
be systematically less than the slip at ~5 km depth [45-46]. 

We are studying strong-motion records from station PS10 that was ~3 km north of 
the main fault [47]. Short period horizontal signal from S waves was weak and shallow 
nonlinear behavior is suspected [47-48] (Figure 1). We examined a nonlinear 
interaction mechanism from [49]. The rupture approached from the northwest [e.g., 47]. 
The dynamic stresses associated with the approaching near-field velocity pulse brought 
with forethought the uppermost ~2 km of hard rock into failure. The material did not 
distinguish between long-period stresses associated with the pulse and high-frequency S 
waves. For a strongly nonlinear viscous rheology (but not an ideal plastic rheology), the 
S waves are predicted to attenuate with an apparently linear 

€ 

1/Q. We observe this 
behavior (Figure 2) with 

€ 

Q of ~20 as opposed to the low-amplitude value of ~200 [50]. 
We discuss a paleoseismic method [51-53] involving rock damage from the near-

field velocity pulse to show that deep rock damage beneath PS10 is plausible. Our 
scaling method utilizes the relationship that near-field velocity pulses from strong 
events produce dynamic strain 

€ 

ε dyn =V /c , which is proportional to dynamic velocity 

€ 

V , and inversely proportional to rupture-propagation velocity 

€ 

c . The dynamic strain of 
these waves varies slowly with depth within the uppermost few hundred meters; simple 
relationships arise, if it is considered to be constant. The dynamic stress is 

€ 

τdyn = ε dynG , 
where the shear modulus 

€ 

G is a function of depth. At failure, 

€ 

τdyn  equals the frictional 
failure stress 

€ 

τfail, 
  

€ 

τdyn = ε dynG = τ fail = µ(Plith − Pfluid ) , (1) 
where 

€ 

µ  is the coefficient of friction, 

€ 

Plith  is lithostatic pressure, 

€ 

Pfluid  fluid pressure, 

€ 

Z  
is depth, and 

€ 

ρ  is rock density. We proposed that damaged seismic regolith self-
organizes by low-cycle fatigue [54] so that 

€ 

G follows (3) [51-53]. The water table is at 
the surface at PS10. The seismic velocity and density are reasonably but not precisely 
constrained beneath PS10 [50,55-56]. The hard rock likely reached failure with a 
dynamic strain of 0.5×10-3 to 0.6×10-3 down to ~2 km depth. 

We need to examine whether our putative deep nonlinear attenuation in hard rock 
could instead be explained by the source or shallow attenuation in the upper ~100 m of 
gravel. PS10 was isolated from other seismic stations and there is no way to predict 
nearby fault slip and hence shaking at PS10 independently of its records. We note that 
high-frequency P waves that would outrun the near-field pulse and escape attenuation 
did arrive. High-frequency S waves arrived after the near-field pulse had passed. 
Furthermore, clipping of long-period acceleration at ~0.35 indicates a similar effective 
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coefficient of friction in the gravel. Otherwise, high-frequency accelerations were less 
than ~0.1 g. 

Healing of damage indicated by increasing seismic velocities over time is a way to 
show that damage occurred during the mainshock. We were able to observe decrease in 
the P wave resonance frequency in the gravel layer during the mainshock at PS10. 
Unfortunately, aftershock records to not seem to exist for this station. Carver et al. [57] 
installed temporary stations near PS10 including some on hard rock. We are able to 
resolve healing of the P-wave resonances in the gravel as in [58]. 

Damage to the hard rock during shaking putatively reduced its seismic velocities 
and its velocity contrasts with the gravel. This effect reduced the amplification from the 
gravel resonances and hence shaking at the surface. This nonlinear effect and 
diminution of S waves by the near-field pulse are not features of traditional site 
response formalism. Nonlinearity in the hard rock is needed to adequately model 
dynamic rupture [42-46]. We are using receiver methods [e.g., 59] that have not been 
used for shallow structure to constrain the gravel-rock reflection coefficient. Graduate 
student Tianze Liu has expertise and is now working with the data. We have only 
triggered records at the temporary stations not all of which are associated with located 
events. We will search for paired events and use them for receiver functions and 
spectra. For now, we have found it is helpful to sort located events by back azimuth. G-
cubed insisted that we find the temporary station records which we thought had been 
lost. USGS Golden did locate them for us. The records now will be archived, not lost. 

 
 

1  2  
Figure 1: Polar plot of dynamic acceleration recorded between 14 and 22 s after the 
initial P wave to window signal associated with the near-field velocity pulse, 
recorded at PS10 for the Denali mainshock. The strongest signal is circularly 
polarized in a clockwise sense for 1/3 of a cycle between 0030 and 0430 hours. We 
predict this effect for frictional attenuation of S waves. Acceleration is otherwise 
weak. Circles indicate normalized accelerations centered on the origin. 
Figure 2: High frequencies in 16-26.24 s interval at PS10: Exponential curves are 
proportional to 

€ 

exp(−t0 f ) , where 

€ 

t0 = 0.5 s, and 

€ 

exp(−t0 f ) + 0.01exp(−t1 f ), where 

€ 

t1 = 1/30 s, are shown of comparison. The former curve represents the predicted 
effect of nonlinear suppression of S waves by the near-field pulse within the hard 
rock. The latter includes a small contribution from S waves that evaded the pulse.  
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