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1. Summary of the results

A number of observations suggest (section 3) that well-developed, mature faults such as the San Andreas
Fault (SAF) are generally “weak,” i.e. operate at low overall levels of shear stress in comparison with
what would be expected from Byerlee’s law and numerous laboratory experiments on quasi-static or low-
slip-rate friction (e.g., Byerlee, 1978; Dieterich, 1979, 1981; Tullis and Weeks, 1986; Blanpied et al.,
1991, 1995; Marone, 1998; Wibberley et al., 2008 and references therein). If typical low-slip-rate friction
coefficients of 0.6-0.8 are multiplied by overburden minus hydrostatic pore pressure, ~150 MPa at the
representative seismic depth of 8 km, one obtains shear strength values of ~100 MPa. Faults that operate
at much lower levels of stress (~10-20 MPa) are called “weak” and their strength is called “low.”

We have been simulating earthquake sequences in different models for “weak” mature faults aiming
to determine which friction and other fault properties in such models are compatible with a range of
available general observations such as static stress drops of 1-10 MPa, the observed variations of the
breakdown energy and radiated energy with the seismic moment, and the absence of wholesale melting in
shear zones. Our eventual goal is to establish which among the acceptable models have behaviors specific
to the SAF, including seismic quiescence between large events and paleoseismic data for some SAF seg-
ments.

We have found that fault models with rate-and-state friction and additional co-seismic weakening in
the form of thermal pressurization of pore fluids are consistent with a number of observations including
magnitude-independent stress drops, breakdown energy increasing with the earthquake moment, and ra-
diation ratios of about 0.5 (Figures 1, 2). However, such models, in the parameter regime explored so far,
(a) produce mostly crack-like ruptures and (b) result in reasonable stress drops and sub-melting tempera-
ture increases for relatively small interseismic effective stresses of 50-100 MPa, which would require
chronic fluid overpressure on faults below 3 km or so. We are in the process of examining models with
more efficient thermal pressurization and additional stronger co-seismic weakening such as flash heating
that have been shown to produce pulse-like ruptures (Figure 3).

To enable comparison of our simulations with observations, we have developed a number of ways of
quantifying the observables from our simulations, including stress drop, breakdown energy, and radiation
ratio, both (i) directly from the simulated earthquake sources and (ii) indirectly from other observables as
it is done for natural earthquakes (Perry et al., 2018; Lin and Lapusta, 2018; Figures 1-4). We are working
on developing tools of category (ii) for radiated energy.

2. Relevance of the project goals to the objectives of SCEC

Our project addresses the following SCEC Research Priorities:

P1.c. Constrain how absolute stress and stressing rate vary laterally and with depth on faults

P3.c Assess how shear resistance and energy dissipation depend on the maturity of the fault system
P1.d Quantify stress heterogeneity on faults at different spatial scales

P5.a. Develop earthquake simulators that encode the current understanding of earthquake predictability.

Our study aims to determine which models of low-stresses faults are consistent with basic observations
and hence put constraints on the absolute levels of both shear and effective normal stress at all depths,
contributing to priority Pl.c. Our efforts towards studying the seismological observables and energy



budget for all our simulated events contribute to P3.c. We study how various kinds of heterogeneity on
faults translate into nucleation processes and microseismicity, and compare the properties of the resulting
microseismicity with observations, constraining the types of heterogeneity, including stress heterogeneity,
over the scale of microseismic events, and thus contributing to priority P1.d. We also contribute to P1.d
by quantifying the resulting variability of stress before large events. Our goal to produce models of low-
stressed SAF segments consistent with basic observations will help towards developing realistic earth-
quake simulators with predictive power, as in P5.a. The proposed modeling significantly contributes to a
number of research priorities of FARM, including “Constrain how absolute stress, fault strength and rhe-
ology vary with depth on faults,” “Determine how seismic and aseismic deformation processes interact,”
and “Use numerical models to investigate which fault properties are compatible with paleoseismic find-
ings, including average recurrence, slip rate, coefficient of variation of earthquake recurrence.” Confirm-
ing that “weak” fault models with low shear stress values are compatible with available observations will
contribute to the Community Stress Model.

3. Evidence for “weak” mature faults and two classes of models

The outflow of heat observed for SAF and other mature faults implies that shear stresses acting during
sliding are of the order of 10 MPa or less (e.g., Brune et al., 1969; Henyey and Wassenburg, 1971;
Lachenbruch and Sass, 1973, Lachenbruch, 1980, Nankali, 2011). Analyses of the fault core obtained by
drilling through shallow parts of faults that have experienced major recent events, including the great
2011 Mw 9.0 Tohoku-Oki event, point to co-seismic friction coefficients as low as ~0.1 (e.g., Tanikawa
and Shimamoto, 2009; Fulton et al., 2013). Low values for shear stresses acting on major faults including
SAF are also supported by the inferences of steep angles between the principal stress direction and fault
trace (e.g., Townend and Zoback, 2004; Zoback et al., 2007), significant rotations of principal stress di-
rections due to stress drop in earthquakes as judged by the focal mechanisms of microseismicity (e.g.,
Wesson and Boyd, 2007), geometry of thrust-belt wedges (e.g., Suppe, 2007), and scarcity of
pseudotachylytes, the products of solidifying rock melts (e.g., Sibson, 1975; Rice, 2006).

Two classes of models can explain earthquake occurrence under low shear stress. In the first class, the
quasi-static friction is high on average, but fault resistance to slip weakens substantially at seismic slip
rates as supported by lab experiments (Tullis, 2015 and references therein; Noda et al., 2009; Noda and
Lapusta, 2010, 2013; Jiang and Lapusta, 2016). Earthquake rupture initiates in places of stress concentra-
tions and/or statically weak spots and propagates over the rest of the low-stressed fault due to co-seismic
weakening, making the fault appear weak. In the second one, the faults are chronically weak, both during
slow (quasi-static) and fast (seismic) slip, due to either low friction coefficients, or low effective normal
stress, or both. Such models are supported by low quasi-static friction coefficients for some minerals in
the lab (although most of them are also rate-strengthening) and observations of fluid overpressure (e.g.,
Brown et al., 2003; Faulkner et al., 2006; Bellot, 2008; Bangs et al., 2009; Collettini et al., 2009; Fulton
and Saffer, 2009; Carpenter et al., 2011; Lockner et al., 2011). Note that fluid overpressure may be con-
fined to the immediate vicinity of the fault (e.g., Rice, 1992) (and hence not readily observable by bulk
velocity studies), due to much higher along-fault permeability compared to the surrounding rock.

While both classes of models can explain fault operation under low shear stress, other aspects of their
behavior should exhibit substantial differences. Chronically weak faults operate at the average shear stress
levels close to the average static fault strength. For the statically strong but co-seismically weak faults, the
average shear stress on the fault is much lower than its average static strength. One expected consequence
of this difference is in the temporal and spatial patterns of microseismicity occurrence in the two models
(e.g., Jiang and Lapusta, 2016). Another potential difference is in the energy budget and radiation effi-
ciency that we have begun to study in our models.



4. Models with rate-and-state faults and additional co-seismic weakening in the form of thermal
pressurization of pore fluids

We have examined long-term earthquake sequences on a rate-and-state fault segment with enhanced dy-
namic weakening due to thermal pressurization of pore fluids (Perry et al., 2018; Figure 1) using a fully
dynamic simulation approach. For computational efficiency, we have considered 2D models with 1D
faults. We find that models incorporating enhanced dynamic weakening with thermal pressurization can
accommodate common observations, such as magnitude-invariant stress drops, increasing breakdown en-
ergy with event size, and radiation efficiencies of approximately 0.5. Previous work (Rice 2006; Viesca
and Garagash, 2015) has shown that thermal pressurization of pore fluids can explain the inferred increase
in breakdown energy with increasing event size, due to the continuous weakening that occurs with in-
creasing slip (Figure 2). This has been shown using simplified theoretical arguments. As expected based
on the prior work, our simulations are able to match the increase in breakdown energy with event size
(Figure 1b), first inferred by Abercrombie and Rice (2005) and later further developed by Rice (2006)
and Viesca_and Garagash (2015).

However, a point of concern has remained as to how to reconcile enhanced dynamic weakening with
observations of magnitude-invariant stress drops. As enhanced dynamic weakening results in greater de-
grees of weakening, with lower final stresses, one would be inclined to expect systematically larger stress
drops with increasing event size, under the assumption of comparable levels of prestress. However, our
modeling has shown that dynamic weakening can be reconciled with magnitude-invariant stress drops due
to larger events having lower average prestress. While small and large events nucleate at locations with
similar levels of prestress, what matters is the average prestress at all points involved in the rupture.
Smaller events have smaller rupture areas and therefore higher average prestresses that more closely
match the prestress of the nucleation zone. Larger events, however, weaken the fault more and propagate
further into areas of less favorable (lower) prestress conditions. While the average final stresses for large
events including thermal pressurization are indeed lower, our models indicate that the average initial
stress is systematically lower as well. We find that the combination of these two effects results in nearly
constant average stress drops for events spanning fice orders of magnitude in moment and two orders of
magnitude in slip (Figure 1c).

All of our events that rupture only part of the seismogenic domain exhibit magnitude-invariant stress
drops; however, ruptures that span the entire velocity-weakening domain do not necessarily follow this
trend. We have further investigated how the arrest of such events affects their stress drops. We have
found that model-spanning events are influenced by additional factors that do not affect the smaller and
medium-sized events, such as being forcibly arrested by the velocity-strengthening regions. The proper-
ties of the velocity-strengthening region have an impact on the average stress drop of events that signifi-
cantly propagate into this region. Varying the velocity-strengthening properties across a range of values is
able to produce a range of stress drop behaviors for the largest events. A significantly velocity-
strengthening region prevents further rupture propagation and leads to sharply increasing stress drops as
events slip more, but are unable to increase their rupture area. A mildly velocity-strengthening region
allows for significant propagation and can lead to decreasing stress drops as the event size increases.
Moreover, very mildly velocity-strengthening regions that are close to being velocity-neutral may lead to
the lowest stress drops for the largest events. Thus, the spatial extent of the ruptured area into velocity-
strengthening regions can have an important effect on the overall trend of the observed stress drops.

Another important quantity for describing the dynamic character of an earthquake is the radiation ef-
ficiency m, the ratio between the radiated energy Er and the portion of total strain energy available for
radiation and breakdown aka available energy (Venkataraman and Kanamori, 2004). From an idealized
energy budget, the available energy can be seismically estimated using average stress drop and average
final slip (Venkataraman and Kanamori, 2004). Observed radiation efficiencies are often between 0 and
1, and between 0.3 and 0.5 for many large events (Ye et al. 2016a).

We have explored the compatibility of our simulated events incorporating dynamic weakening with
these observations of radiation efficiency, as well as the relationship between estimates using this ideal-



ized model with the true radiated energy ratio ms, which compares the radiated energy with the total
available energy throughout the rupture. Our models incorporating enhanced weakening due to only
thermal pressurization show similar trends for the seismologically-inferred radiation efficiency, with val-
ues approximately around 0.5, consistent with those inferred from large earthquakes by Venkataraman
and Kanamori 2004 (Figure 1d). Moreover, for these simulated events, we find consistency between the
seismologically-inferred radiation efficiency and the true radiated-energy ratio. This is due to the crack-
like nature of these events involving thermal pressurization, with the dynamic levels of stress being nearly
equal to the final level of stress, as assumed in the idealized energy considerations (Figure 2). Therefore,
we find that models incorporating enhanced dynamic weakening that lead to crack-like styles of rupture
are generally consistent with the standard energy budget when considering the averaged rupture behavior.

In summary, our simulations incorporating rate- and state-dependent friction and enhanced dynamic
weakening with thermal pressurization are able to match observed trends in increasing breakdown energy
with event size, magnitude-invariant stress drops, and seismologically-estimated radiated energy ratios
around 0.5. Our stress drops are also consistent with observations of stress drops in the 1-10 MPa range
for all of our event sizes, excluding the complete rupture events in some models. Though our models re-
produce magnitude-invariant stress drops, the exact mechanism for this remains unknown and is planned
for further investigation using our continuing SCEC support. We find that models incorporating enhanced
dynamic weakening that lead to crack-like styles of rupture are generally consistent with the standard en-
ergy budget when considering the averaged rupture behavior.

5. Models with rate-and-state faults and additional co-seismic weakening in the form of thermal
pressurization of pore fluids and flash heating

We have begun to examine the behavior of models that produce much stronger weakening and sharp
pulse-like ruptures (Figure 3). Our studies so far have shown that models incorporating enhanced dynam-
ic weakening with thermal pressurization that result in crack-like ruptures tend to be agreeable with the
standard considerations for energy partitioning. Such models result in much smaller overshoot or under-
shoot than their corresponding static stress drop, and therefore remain close to the idealized behavior for
which the seismologically estimated quantities are expressed in terms of observable parameters.

More pulse-like ruptures, which can occasionally result from models with thermal pressurization and
more reliably in models that incorporate more severe enhanced dynamic weakening such as flash heating,
have increasingly more significant undershoot, i.e. the difference between the minimum dynamic and fi-
nal stress increases (Figure 3). In such cases, the relationship between observable quantities, such as the
static stress drop and average slip, with the energy available for breakdown and radiation may not be as
apparent. It is commonly suggested that large earthquakes propagate as slip pulses rather than continuous-
ly expanding cracks (Heaton 1990; Viesca and Garagash, 2015). It is therefore important to verify that
such styles of rupture are consistent with the previously-discussed observed relations that we have already
found to be accommodated by crack-like ruptures involving thermal pressurization, namely having mag-
nitude-invariant stress drops, increasing breakdown energy with event size, and radiated energy ratios
between 0 and 1. We will continue to explore these rupture modes using our continuing SCEC support.

6. Spectral analysis of microseismicity in our models and sequences on asperity-like fault patches

Using both NSF and SCEC support, we have been developing the methodology for determining seismo-
logical observables for small events in our models, in the same way as it is done for natural events (e.g.,
Madariaga, 1976; Brune, 1970, 1971; Sato and Hirasawa, 1973; Kanamori and Anderson, 1975; Ide and
Beroza, 2001; Allmann and Shearer, 2009; Baltay et al., 2011; Hauksson et al., 2012; Lin et al., 2012;
Abercrombie, 2014; Kaneko and Shearer, 2014, 2015; Lin et al., 2016). In particular, we have focused on
static stress drops, observed to be magnitude-invariant and (nearly) depth-invariant, with typical values of



1-10 MPa for natural earthquakes(Ilde and Beroza, 2001; Beroza and Kanamori, 2007, Allmann and
Shearer, 2009; Baltay et al., 2011; Hauksson et al., 2012). Since frictional resistance is mostly propor-
tional to the effective normal stress o, the increase of ¢ with depth should amplify any stress changes and
hence, intuitively, substantially increase static stress drops, but no to mild increases with depth are ob-
served (Shearer et al., 2006; Allmann and Shearer, 2007; Uchide et al., 2014; Goebel et al., 2015; Kita
and Katsumata, 2015; Ko and Kuo, 2016; Ye et al., 2016; Abercrombie et al., 2017; Trugman and Shear-
er, 2017). In our future work, we will simulate microseismicity on “weak” spots of decreased shear
strength (e.g., as in Thomas et al., 2014); nucleation-prone spots of modified friction parameters (e.g., as
in Jiang and Lapusta, 2016); and normal stress variations motivated by local deviations from fault planari-
ty (e.g., Renard et al., 2006; Sagy et al., 2007; Candela et al., 2009; Brodsky et al., 2011), in models
which also have much larger events, to examine the resulting behavior of microseismicity at various
depths.

So far, we have considered microseismicity sources in isolation. Observations show that microseis-
mic events from the same fault area can have similar source durations but different seismic moments, vio-
lating the commonly assumed scaling (Harrington and Brodsky, 2009; Bouchon et al., 2011; Bostock et
al., 2015; Lin et al., 2016). Our numerical simulations of earthquake sequences demonstrate that strength
variations over a seismogenic patch provides a potential explanation of such behavior, with the event du-
ration controlled by the patch size and event magnitude determined by how much of the patch area is rup-
tured (Lin and Lapusta, 2018). We find that the stress drops estimated by typical seismological analyses
for the simulated sources significantly increase with the event magnitude, ranging from 0.01 to 10 MPa.
At the same time, the actual stress drops determined from the on-fault stress changes are magnitude-
independent and ~3 MPa. Our findings suggest that fault heterogeneity results in local deviations in the
moment-duration scaling and earthquake sources with complex shapes of the ruptured area, for which
stress drops may be significantly underestimated by the current seismological methods.

Publications

Perry, S., N. Lapusta, and V. Lambert, Magnitude-invariant stress drops and increasing breakdown energy
in earthquake sequence simulations on rate-and-state faults with thermal pressurization, to be submit-
ted to J. Geophys. Res., 2018.

Lin, Y.-Y. and N. Lapusta, Microseismicity simulated on asperity-like fault patches: on scaling of seismic
moment with duration and seismological estimates of stress drops, in revision, Geophys. Res. Lett.,
2018.

Presentations

Lin, Y.-Y., and N. Lapusta, Exploring variations of earthquake moment on patches with heteroge-neous
strength (Poster presentation), JpGU-AGU joint meeting, Chiba, Japan, May 2017.

Lin, Y.-Y., and N. Lapusta, Comparison of actual and seismologically inferred stress drops in as-perity-
type dynamic source models of microseismicity (Poster presentation), SCEC annual meeting, Palm
Springs, CA, Sep. 2017.

Schaal, N., N. Lapusta, and Y.-Y. Lin, Exploring seismological properties of asperity-type events in a
rate-and-state fault model (Poster presentation), SCEC annual meeting, Palm Springs, CA, Sep. 2017.



(a) (b)
25 8
- 10 \ \ \ \
é € O Models with TP e
9. 2 6 ® Model Spanning events with TP
5 20 3 10 e _|
3 @
2 c
] v 4| |
S 15 g 10
: 3 #
< T 102 ®% -
]
10 & \ \ \ \
0.0001 0.001 0.01 0.1 1 10
Slip § (m)
(©)
T T — T T T — T T T T — T T
« ° o A
[¢] TA
Swo'F ° e o A E
= F ® ' 4 ¢ Moge: gpanning -
[ ® odel Spanning | ]
o © ° ]
(m]
(] r J
7]
[0) - 4
=
()]
100 L1 ||-1 1 1 P R ||O 1 1 L1 ||1 L L L M T )
10 10 10 10
Slip (m)
(d) Venkataraman and Kanamori, 2004
T T T
I Northridge Landerl SamaGruzs
1.0 o Peru_2 Flores Chile
> Shikotan
g 1.0 o "Hokigao i §
2 2o 5 o] ") :
< © Kushirgsokigy f 3
o A 14 = Kamehatka 10 Aleuti alisco
- 5 A ‘ o Nisquallyg Hector, famity ElSalvador a2
-2 A A c Waia Kurile
% A _8 Russia-Chinag,
A ©
s S 011 s
o ° g A Deep Jave
A o o Intraplate Peru_1
OA é v Crustal Bolivia,
2, A O Seismologically-estimated: 7 ©®  Downdip
* Interplate Nicaragua,
0.1 éO A True energy ratio: 74 i o ITs‘un:I":i *
! ! ! 0.0 T T
10" 10° 10! 7 8
slip (m) My,

Figure 1. Fault models with rate-and-state friction and additional co-seismic weakening in the form of
thermal pressurization of pore fluids are consistent with a number of observations including magnitude-
independent stress drops, breakdown energy increasing with the earthquake moment, and radiation ratios
of 0.3-1.0 (Perry et al., 2018). (a) Accumulated slip profiles for a portion of the sequence of events pro-
duced by a rate-and-state fault model with thermal pressurization in a 12 km velocity-weakening region.
(b) Breakdown energies from our simulations compared to those inferred for natural events by Rice
(2006). Our models are able to match the trend of the observed events quite well. (c¢) Stress drops for
events in the simulation with thermal pressurization and a 24 km long velocity-weakening region. Com-
plete rupture events have filled-in symbols. d) Seismically estimated radiation ratios (1) and actual radia-
tion ratios mna vs. average slip (left), in comparison to those inferred from large earthquakes (right) from
Venkataraman and Kanamori (2004).



Thermal Pressurization, Crack-Like Rupture
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Figure 2. Representative event for crack-like behavior with thermal pressurization. (Row 1) Accumulated
slip profile with slip distribution along the fault plotted every 0.5 s. (Row 2) Initial and final stress distri-
butions along the fault. The rupture nucleates in regions of high prestress but subsequently propagate into
areas of lower prestress. (Row 3) Stress drop distribution along the fault. Row (4) Average shear stress vs.
slip curve with relevant energy quantities labeled. Initial and final stresses are marked with black squares.
The actual energy quantities from simulations are close to those obtained from seismological estimates.



Thermal Pressurization and Flash Heating: Pulse-Like Rupture
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Figure 3. Representative event showing pulse-like behavior. (Row 1) Accumulated slip profile with slip
distribution along the fault plotted every 1 s. A portion of slip accumulated is shaded to emphasize the
pulse-like behavior. (Row 2) Initial and final stress distributions along the fault. (Row 3) Stress drop dis-
tribution along the fault. (Row 4) Average shear stress vs. slip curve with relevant energy quantities la-
beled. The sharp pulse-like nature of the rupture leads to significant restrengthening and a large stress un-
dershoot at final slip, making the standard energy analysis inaccurate.
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