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Abstract

Earthquake-radiated motions contain information that can be interpreted as source displacement
and therefore related to stress drop. Except in a few notable cases, these displacements cannot be
easily related to the absolute stress level, the fault strength, or attributed to a particular physical
mechanism. In contrast paleo-earthquakes recorded by exhumed pseudotachylite have a known
dynamic mechanism whose properties constrain the co-seismic fault strength. Pseudotachylite
can be used to directly address a discrepancy between seismologically-measured stress drops,
which are typically a few MPa, and much larger dynamic stress drops expected from thermal
weakening during slip at seismic speeds in crystalline rock [Sibson, 1973; McKenzie and Brune,
1969; Lachenbruch, 1980; Mase and Smith, 1986; Rice, 2006], and as have been observed in
laboratory experiments at high slip rates [Di Toro et al., 2006a]. This note places
pseudotachylite-derived estimates of fault strength and inferred crustal stress within the context
and bounds of naturally observed earthquake source parameters: apparent stress, stress drop, and
overshoot, including consideration of fault surface roughness, off-fault damage, fracture energy,
and the 'strength excess'. The analysis, which assumes stress drop is related to corner frequency
by the Madariaga [1976] source model, is restricted to earthquakes of the Gole Larghe fault zone
in the Italian Alps where the dynamic shear strength is well-constrained by field and laboratory
measurements. We find that radiated energy is similar to or exceeds the shear-generated heat and
that the maximum strength excess is ~16 MPa. These events have inferred earthquake source
parameters that are rare, for instance a few percent of the global earthquake population has stress
drops as large, unless: fracture energy is routinely greater than in existing models,
pseudotachylite is not representative of the shear strength during the earthquake that generated it,

or unless the strength excess is larger than we have allowed.
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Introduction

Within the earthquake source region a large number of inelastic processes are thought to
operate: frictional sliding, rock fracture, dilatancy, melting, devolatilization, thermal expansion
of pore fluid, hydrofracture, and creation of new fracture surface energy are among many known
and proposed processes [Andrews, 1976; Scholz, 2002; Rice, 2006]. The processes that actually
occur depend on mineralogy, ambient temperature and stress conditions, total slip, the degree of
shear localization, the amount of shear dilatancy, and fault zone hydraulic properties. Outside the
source, the surrounding rock is assumed predominantly elastic and the motions radiated from the
source as elastodynamic waves can be related to the spatial time history of displacement within
the source. Accounting for attenuation, scattering, and other path effects, information
propagating from the source is interpretable at the surface in terms of, for example, source stress
drop, moment, radiated energy, and displacement or velocity spectrum, but only on rare
occasions to the absolute level of stress [e.g., Spudich, 1992]. For earthquakes that have source
mechanisms that are predominately double couple, to date there is little observational or
theoretical research that ties surface recorded motions to a particular physical mechanism within
the source. So, with the exception of a very few notable claims [e.g., Kanamori et al., 1998],

what source processes actually occur for any particular earthquake is anyone’s guess.

Field observations and melt shear strength.

A well-understood exception are the ancient earthquakes recorded in exhumed
pseudotachylites [Sibson, 1975]. Pseudotachylite is thought by most to be the definitive record of
an earthquake where dynamic strength was controlled by shear melting [Jeffreys, 1942;
McKenzie and Brune, 1972; Sibson, 1975], though there are alternative interpretations [e.g., Pec
et al., 2012 and references therein]. In the present study we assume that natural pseudotachylites
are generated by coseismic shear heating and take advantage of field and laboratory constraints
on the co-seismic properties of the shear zone. Melt layers are viscous and therefore have

strengths that are quite strongly slip rate- and thickness-dependent. In addition the viscosity can
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depend on the characteristics of the flow regime and melt composition [Spray, 1993; Lavallee et
al., 2015]. The field measurements avoid these complexities and produce empirical constraints
on the dynamic shear strength during the event [Sibson, 1975]. Specifically, field-measured
values of the thickness of a pseudotachylite layer, w, are used to estimate the heat necessary to
melt a particular volume of rock of a particular composition using the protolith heat capacity.
Sibson assumed all the shear generated heat remains in the slipping zone and causes melting
immediately at the melting temperature 7}, of the constituent minerals. Somewhat more recently
Wenk et al., [2000] and Di Toro et al. [2005] repeated the same type of analysis while also
allowing for some of the shear heat to be absorbed in the slipping zone as latent heat of fusion.
Accordingly the heat necessary to convert a thickness of rock entirely to melt is

0= arw|(Ty, - To)e, +H| (1a)
where ¢, is the heat capacity (energy/mass K), H is the heat of fusion (in energy/mass), 4 is fault
area, p is density (mass/volume) and T} is the initial slipping zone temperature. The two terms
on the righthand side of (la) are from left to right, the change in thermal energy within the
slipping zone and the energy necessary to drive the endothermic melting reaction, the latent heat
stored within the melt. This assumes that significant heat does not diffuse away from the fault
coseismically, which is reasonable given the low thermal diffusivity of rocks (x = 10-6 m2 s'l)
and the few second duration, Az, of earthquake slip [Lachenbruch, 1980], which results in a heat
penetration distance, z ~ JKDt < 2-3 mm. An additional requirement of (1a) is that the slipping
zone temperature does not exceed the melting temperature (no superheating) which is expected if

the phase change buffers the temperature increase. The displacement-averaged shear strength is

O fmzim, 01b0
ADd

where A6 is fault slip as measured in the field using offset markers across the fault [Sibson,
1975]. Combining (1a) and (1b) the displacement-averaged shear strength during seismic slip

that produces a shear melt is

» :%[(Tm - T)e,+H | (1c)
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Note that the heat of fusion is on the order of 105 J/kg while the heat capacity is of order 103
J/kgK for granitic compositions. So long as the temperature difference 77,;,-7( is 1000 K or more
the change in thermal energy greatly exceeds the heat of fusion and dominates the sum (1c). This
is the case for both the natural [Di Toro et al., 2005] and laboratory [Di Toro et al., 2006a]
settings of tonalitic psuedotachylite generation that we consider in this study.

Thickness displacement ratios, w/Ao measured by Di Toro et al. [2005; 2006a] for
pseudotachylite in tonalite within the Gole Larghe fault zone in the southern European Alps
exhumed from hypocentral depths of 9 to 11 km and 7y of 250°C are between 0.01 and 0.004.
The associated calculated shear strengths are between 15 and 48 MPa, as depicted in Figure 1.
This technique to estimate melt shear strength, equation (1¢), was confirmed for normal stresses
> 20 MPa in experiments simulating coseismic slip on gabbro [Niemeijer et al., 2011]. In the
field the approach also requires some independent measure of the ambient temperature prior to
the earthquake. Hypocentral temperature (7 = 250 °C) of the Gole Larghe was estimated from
deformation microstructures of quartz in cataclasites associated with the pseudotachylites, and by

the mineral assemblage of coeval metamorphic alteration by Di Toro and Pennacchioni [2004].

Lab observations of melt shear strength.

Meanwhile, advances in experimental design and technique [7sutsumi and Shimamoto, 1997,
Hirose and Shimamoto, 2003, 2005] and related theoretical developments [Nielsen et al., 2008,
2010; Di Toro et al., 2006b] allow determination of the shear strength and constitutive response
of friction melts of identical composition to the Gole Larghe fault zone field exposures at a few
to a few 10’s of MPa normal stress [Di Toro et al., 2006a]. Laboratory shear melting
experiments by Di Toro et al. [2006a] were conducted at normal stresses between 5 and 20 MPa
at a sliding velocity of 1.3 m/s for 4 to 8 s on the source tonalite collected from the Adamello
batholith in the southern Italian Alps from which the natural pseudotachylites were exhumed. In
our study the reported steady-state shear strengths from Di Toro et al. [2006a] are assumed to be

analogous to their natural equivalents. The melt steady-state shear strength resembles the
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unmelted strength of granitic faults [Byerlee, 1978] at the lowest normal stresses (Figure 1) but
is considerably weaker at 10 to 20 MPa normal stress, the highest normal stresses tested. For
extrapolation to the conditions of the natural pseudotachylites, the ‘pressure dependence’ of fault
strength d7/d o, is the necessary metric; for these faults shear strength increases very weakly with
normal stress (0.05 MPa per MPa) and using this extrapolation from Di Toro et al. [2006a], the
implied natural strength at 9 to 11 km is less than 20 MPa (Figure 1).

In this study we examine the energy budget of earthquakes that generate shear melts of
tonalitic composition. Knowing both the shear generated heat from field observations and the
shear strength from laboratory measurements puts constraints on energy partitioning that are
lacking for all other earthquakes. Our approach is to use the laboratory and field measurements
of co-seismic fault strength along with the known static strength of the granitic host rock as the
independent variables and determine the possible range of source parameters for the paleo-
earthquakes that generated these melts. Throughout the paper we refer to these prehistoric
seismic events as earthquakes for simplicity. Particular goals are to establish whether these
events could be consistent with typical earthquake source properties and what seismically
observed properties may be diagnostic of melting. We find that earthquakes generating these
pseudotachylites have atypical source properties that arise from the very high static frictional
strength of granitic rock and the very low strength of shear melts. As in this particular example,
and likely in other rocks that have high frictional strengths at low sliding speed and for which
shear heating produces a weak melt, the result is a large stress drop and relatively high radiated

energy.

Energy during dynamic slip

Ignoring gravitational and rotational terms, the total energy of an earthquake E7 can be

partitioned between heat Q,j; and radiated energy Ej,
Ep =Qu +E;. )
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Here, as follows from the analysis of Savage and Wood [1971] [e.g., McGarr, 1999; Beeler
2006], we have included in Q,j both the shear generated heat that is available to be conducted
away from the fault, and also latent heats that are absorbed during shearing: for example the heat
of fusion (as in equation (1) [Di Toro et al., 2005]), heat of reaction during other phase changes
[e.g., devolitalization Brantut et al., 2011], and the creation of surface energy that results from
wear and comminution [Lachenbruch and Sass, 1980]. The average shear stress on the fault is
related to the total work 7 = E /AAJ. Following the definition of heat above, equation (1b),
define a shear ‘strength’ £ =Q,;,/ADa; [ is the stress measure of energy dissipated and stored
in the source, spatially- and slip-averaged over the entire source region [McGarr, 1999; Beeler,
2006]. It is a representative sliding strength of the fault, associated with energy distributed within
the source, including heat, latent heat associated with chemical reactions and with the creation of
surface energy. Using the standard definition of apparent stress as the stress measure of radiated
energy T, = E/AAJ, the balance (2) can be rewritten in stress units as

F=f+t, 3)

[Savage and Wood, 1971; McGarr, 1994]. The energy budget can be graphically expressed using
a stress versus displacement diagram (Figure 2) [McGarr, 1994]. The figure presents the

definitions of stress quantities used throughout this paper. In particular the average stress is the

difference between the static stress levels before and after the earthquake, 7 = (l‘ o+t 1) / 2, where
79 1s the initial stress on the fault prior to the earthquake and 77 is the stress after seismic slip.
Equating the shear strength that produces melt, equation (1b), to this stress measure of all the
energy that is not radiated, 7 =£,,, is the first crucial assumption in our analysis. Making this
assumption presumes, for example, that any off-fault damage makes a negligible contribution to
the energy budget. This is an assumption that is difficult to verify [Pittarello et al., 2008] and not
without associated controversy [e.g., Wilson et al., 2005; Chester et al., 2005; Ma et al., 2006].
Some of the limitations and implications if this assumption is relaxed are detailed in the

Discussion section below. Recent field studies of pseudotachylite, e.g., Di Toro et al. [2006a],
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have equated the fault shear strength 7 inferred from thickness-displacement ratios (1c) (Figure
1) with the average crustal shear stress 7. The average shear strength and the static shear stress
are approximately equivalent under special circumstances, as noted by McGarr [1994; 1999].
This analysis to recover shear stress has been repeated elsewhere [e.g., Barker, 2005; Ujiie et al.,
2007; Andersen et al., 2008; Billi and Di Toro, 2008]. That relationship is valid only if £ = fm,
as we have assumed, and if the apparent stress, 7, is relatively small. For shear melting there are
no published proportions of radiated energy and heat from laboratory measurements. There is
also little knowledge of partitioning between heat and radiated energy from seismology or field
relations; however combining lab and field studies for granitic rock and considering the source
properties of earthquakes observed seismically, the possible range of energy partitioning for
shear melted granitic faults can be addressed as we show next.

Earthquakes show a wide range of relationships between shear strength and shear stress during
rupture. The difference can be parameterized to some degree by the slip overshoot [Savage and
Wood, 1971; McGarr, 1994],

T-Tp

E= AT, 4

where Azg is the static stress drop, the difference between the initial and final stresses (Figure 2).
Throughout the following analysis we take the initial stress to be approximately equal to the
static fault strength; this is the second crucial assumption. This is controversial, especially for
plate boundary-scale faulting [Lapusta and Rice, 2003; Noda et al., 2009]. The assumption also
differs from the general example in Figure 2 where the initial stress is lower than the static fault
strength (the peak strength 7, in Figure 2). Such differences and the implications when this
assumption is relaxed are dealt with in the Discussion section below.

The static strength of the andesitic and granitiod rocks of the motivating studies of Sibson
[1975] and Di Toro et al. [2005] follow Byerlee’s law approximately [ Byerlee, 1978] (Figure 1).
To estimate the stresses at depth we use guidance from the field studies of Di Toro and

Pennacchioni [2004] and Di Toro et al. [2006] who used Andersonian assumptions for strike-slip
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faulting [Anderson, 1951]. We use the mean depth of 10 km, a lithostatic stress gradient of 26
MPa/km and assume that the intermediate principal stress is equal to the mean stress and then
average the results for hydrostatic pore pressure and dry conditions. The details of the estimate
are in the Appendix. The effective normal stress is 122 MPa resulting in an initial stress of 7y =
104 MPa for a Byerlee friction of 0.85. According to the regression of Di Toro et al. [2006] at 10
km depth the average dynamic strength is # = 10.6 MPa. This coseismic shear strength is lower
than the mean value inferred from the field study, 7=26.8 MPa. Here and throughout we report
stress estimates to the tenths of MPa. This choice should not be interpreted as the accuracy of the
estimate which is unlikely to exceed a few MPa. However, we are interested in seismologic
stress measurements, particularly stress drop, that can often be two to three orders of magnitude
smaller than the above quoted initial stress (see the subsequent Figure 3). As a consequence the
apparent accuracy of stresses in this report is required to estimate stress drop in our analyses.
Typical stress drops are a few MPa and our reported stresses are to the order of 10% of that.

In the following we consider four possible scenario earthquake source parameters for shear
melting at this depth. The scenarios are intended to span the range of plausible seismically
observed source properties. For all four scenarios we calculate source parameters using the
average field measured shear strength of 26.8 MPa. These results are described in the

immediately following text and listed in Table 1.

Scenario 1 1s the Orowan condition where the stress drops exactly to the dynamic fault
strength =11 [Orowan, 1960; Kanamori and Heaton, 2000], then Azgz = 77.2 MPa, the
overshoot (4) is zero, = 65.4 MPa and 7,= 38.6 MPa. This would be a case of high seismic
efficiency relative to that which has been assumed for pseudotachylite [Di Toro et al., 2006a],
h=t,/f =0.59; 59% of the total energy would be radiated. Because the Orowan condition is
the most often used assumption in studies of the earthquake energy budget, such as in a number

of seminal contributions, compilations and reviews [e.g., Kanamori and Heaton, 2000,
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Venkataraman and Kanamori, 2004; Kanamori and Brodsky, 2004; Abercrombie and Rice,
2005; Viesca and Garagash, 2015], it is useful for placing estimated source parameters and their
uncertainty in context. For example, had we used the upper limit of the field estimated fault
strength (48 MPa) rather than the average, the resulting seismic efficiency of 37% would still be

much higher than typical seismological estimates [e.g., Wyss, 1970; McGarr, 1999].

Scenario 2 is complete stress drop, then, £= 52 MPa, £=0.26, and 7,= 25 MPa, again, a case of

high seismic efficiency h=1¢,/f=0.48.

Both of these scenarios 1 and 2 would be out of the range of typical earthquake source
properties, as follows.

In the following analysis we use the stress drops of a recent global compilation [4llman and
Shearer, 2008] for reference. These are determined from seismically inferred corner frequencies
(fo) using the Madariaga source model [Madariaga, 1976]. Because stress drops depend on
(fc/C)3 where C is a model-dependent scalar, small differences in the scalar (model) produce
much large differences in stress drop, up to a factor of 5.5 [e.g., Kaneko and Shearer, 2014].
Thus constraints on source properties from stress drop are weak. Specific differences between
models and the difficulties that arise in using stress drop in studies of source physics are
discussed in section 3.2 below. Typical values of stress drop are a few MPa albeit with
significant logarithmic variability (Figure 3, after Allman and Shearer [2009]). The dashed lines
that are superimposed mark 99, 95, and 90% of the stress drops in the Allman and Shearer
dataset. For instance, 1% of the earthquakes have stress drops larger than the 99% line, and so
on. The 99, 95 and 90% lines are associated with stress drops of 110 MPa, 40 MPa and 23 MPa,
respectively. Stress drops as large as those in scenarios 1 and 2 are found only in a few percent or
less of natural earthquakes. This apparent inconsistency between seismologically inferred values

of MPa static stress drop and the ~77 MPa dynamic stress drop from the field and extrapolated
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from laboratory observations of melting (Figure 1) is a paradox long expected from theoretical
considerations of shear heating [Sibson, 1975; Lachenbruch, 1980; Rice, 2006; Noda et al.,
2009]. Similar, but potentially stronger constraints on source properties come from apparent
stress because it is not model dependent. For comparison with the scenario estimates of apparent
stress, Figure 4 shows apparent stresses compiled by Baltay et al. [2010]. The estimated
apparent stresses using Orowan’s (Scenario 1) and the complete stress drop (Scenario 2)
assumptions are outside the range of these seismic observations that lie between 0.1 and 10 MPa
(Figure 4).

We also consider the implied overshoot of these scenarios (Table 1). The energy balance with
stress as the dependent variable (3) can be rewritten in terms of stress drop, overshoot and

apparent stress as
Ta
AT

N

[Savage and Wood, 1971; McGarr, 1994; 1999]. Keep in mind that the model dependence of

—05-& (5)

stress drop means that bounds on overshoot are dependent on the choice of source model; for all
the standard source models stress drop tends to be a fixed factor of apparent stress [e.g., Singh
and Ordaz, 1994; Kaneko and Shearer, 2014]. Since both stress drop [Hanks, 1977] and apparent
stress [Ide and Beroza, 2001] are arguably magnitude independent, earthquake overshoot is also
magnitude independent according to (5). For the Madariaga model at 0.9/, slip overshoots the
static value by 20% [Madariaga, 1976], which corresponds to a stress measure of overshoot (4)
of 0.17 which is not so different from scenario 2. Because they involve restrictions on stress
drop, with the exception of overshoot, the source parameters from scenarios 1 and 2 are

independent of the choice of source model; this is not the case for scenarios 3 and 4 that follow.

Scenario 3 is typical stress drop. Instead of complete stress drop or Orowan's assumption, take

the stress drop to be Azg = 3.8 MPa, then, =102 MPa, £=-19.3, and 7,=75 MPa. This would be

a case of extreme undershoot; undershoot larger than can be inferred from seismic observations
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(see analysis of data of Venkataraman, and Kanamori, [2004], in Beeler, 2006), and again, high

seismic efficiency A=t¢,/f=0.73.

Scenario 4 is typical overshoot, £=0.17, leading to Azg =93 MPa, f= 57.5 MPa and 7,= 30.7

MPa, this too would be a case of high seismic efficiency A=t ,/f=0.53.

To put the scenarios in context with seismological observations they are plotted versus seismic
moment in Figures 3 and 4 by assuming a circular rupture. Using the average slip from the
exhumed pseudotachylites of 0.59 m [Di Toro et al., 2006], and the stress drops from Table 1,

we can calculate the radius
_ TmuAd

r= >
16AT

(6)

(area 4 = 7zr2 and seismic moment My = uAAo, Table 1). For all scenarios the apparent stress is
outside the typical values. All the stress drops except for the case where a typical value was
assumed are in the upper few percent of the observations. More extreme earthquake source
properties result if the lab-inferred value of the melt shear strength is used instead of the field

values.

Discussion

Partitioning of radiated and thermal energy during earthquake slip might be most easily

considered by normalizing equation (3) by the average stress, defining a total thermal efficiency,

t
S=1-4 7
7 (7)

the ratio of the average dynamic shear strength to the average co-seismic shear stress, where 7 is
the seismic efficiency as defined above. As noted by McGarr [1994; 1999], for dynamic rupture
controlled by low temperature friction at very small displacements, the thermal efficiency is
high, for example, greater than 90% [Lockner and Okubo, 1983], and the seismic efficiency is

less than 10%. However, for much more extreme dynamic weakening, such as seen for shear
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melts with low dynamic shear strength, so long as the initial stress is high, the seismic efficiency
must be significantly larger than it is in low temperature friction experiments.

In this context, we can draw a number of conclusions about earthquake source properties
associated with the pseudotachylites. Based on our four scenarios, we expect that radiated energy
will be similar to or exceed shear heating during the earthquake-generated formation of natural
shear melts, equivalently the seismic efficiency is similar to or exceeds the thermal efficiency. A
related conclusion is that, because the radiated energy is large, from equation (3), fault shear
stress during earthquakes cannot be estimated from exhumed pseudotachylite; the estimates from
previous studies assumed negligible radiated energy and directly equated shear stress with the
field-measured strength. Thus the estimates from prior studies are likely an implausible lower
bound on the shear stress and if so the field studies of exhumed pseudotachylite have
underestimated stress. The degree that stress differs from strength depends on how much the slip
overshoots (or undershoots) the value that would result from the dynamic stress drop alone (the
difference between the final stress and the shear strength) and also on the ‘strength excess’ (how
much the failure strength of the fault exceeds the initial stress, see discussion below). Our
calculations suggest underestimation by 1.9 to 2.8 times. Overshoot is not determined in the
existing shear melting laboratory experiments but it is an active target for laboratory
investigation [e.g., Sone and Shimamoto, 2009; Di Toro et al., 2011a]. Overshoot might
reasonably be inferred from careful measurement in subsequent tests or in relatively simple
calculations of dynamic shear melting. According to this analysis, earthquakes that produce

pseudotachylite are outside the range of seismic observations of apparent stress (Figure 4).

Reconciling the energy balance.

There are, however, a number of ways in which our energy accounting may have gone astray.
Much uncertainty in our balance is associated with the choice of a Madariaga source model that
has the largest stress drop of the conventional models. Still, had we used a dataset in which the

stress drops were determined using the Brune model that has the lowest stress drops, apparent
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stress still would be out of the bounds of the Baltay et al. [2010] dataset for all four scenarios,
and the discrepancy between the predicted and observed stress drops would be even larger. As
above, while acknowledging that the choice of source model has first order implications for
earthquake source properties, source model choice does not effect our conclusion that the
presence of pseudotachylite implies an unusual earthquake source. Additional discussion of
source models is found in section 3.2 below.

We now consider whether relaxing the two critical assumptions about initial stress and
dissipated energy may allow shear melting to produce more typical earthquake source properties.
First, we have assumed that the heat inferred from pseudotachylite is equivalent to all energy that
does not go into the radiated field (i.e., £ =£,,). This ignores any off-fault damage that may be
generated during rupture, such as brittle failure associated with stress concentrations about the tip
of the propagating rupture [Andrews, 1976; 2005] or from slip on rough fault surfaces [Chester
and Chester, 2000; Dieterich and Smith, 2009; Dunham et al., 2011]. Such energy is most often
partitioned into a 'shear fracture energy' term in an expanded energy balance [e.g., Tinti et al.,
2005]. Fracture energy is heat and latent-heat, the energy that goes into the creation of shear and
tensile fracture surfaces and into slip on shear fractures in the damage zone about the rupture
[lda, 1972; Andrews, 1976]. In well-posed dynamic rupture models it is the portion of this
energy associated with inelastic deformation about the tip of the rupture that limits the
propagation speed [Andrews, 1976; 2005]. Andrews [2005] has further shown that the size of this
energy contribution scales with the dynamic stress drop, thus mechanisms such as shear melting,
which produce large strength losses, implicitly require some compensation in off-fault fracture
energy as well as in radiation.

Second, we have assumed up to this point that the initial stress is approximately equal to the
static fault strength which, in the case of the felsic crystalline rocks of the motivating studies,
implies high initial stress in the crust. If instead we assume that the initial stress is lower than the

failure stress, as depicted in the schematic Figure 2, there is a strength excess, S, defined by the
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difference between the failure strength and the initial stress [Andrews, 1985]. Such an excess
arises naturally in regions with strength or stress heterogeneity. For example imagine a fault
surface that on average is strong but with a limited contiguous region of weak material. If the
incipient rupture starts in that weak area and that region is sufficiently large and slips far enough
to raise the stress on the adjacent portion of the strong region to its failure stress, then an
earthquake rupture can occur at a lower stress than the average failure strength of the fault.

To relax both critical assumptions about initial stress and dissipated energy we modify
equation (3). To consider contributions of damage to source properties it is convenient to use a
stress-measure of fracture energy. Fracture energy, G,, has the dimensions of energy per unit
area, so the 'fracture stress' then is fracture energy divided by the total slip, . =G,/Dad. Replace
the shear resistance in (3) with the sum of that which goes in to shear heat and that which resides
in fracture energy, £ =£, +7_.. To incorporate the strength excess we replace the average stress

in (3) with - Df,/2, and replace the initial stress with ¢ » - Se- Making these substitutions the

balance (3) becomes
Dt

te+S,=t,-—S-t,-f (3a)

a m*
Implementing (8a) for pseudotachylite, 7, =104 MPa, and f,, =26.8 MPa. To produce a stress
drop within the 95% bound and apparent stresses to be at the upper limit of the observations,

corresponding to Az =40 and 7,=10 MPa, respectively, (8a) is

t.+S,=41.2MPa (8b)

Fracture energy.
If the right-hand side of (8b) were all due to fracture energy (S,=0), the fracture stress would

exceed the stress drop. For comparison with typical observations, a measure of the associated

efficiency is the ratio of fracture energy times the fault area to the energy associated with the

stress drop: /. =G, /Dt ;Dd; equivalently the ratio of the fracture stress to the stress drop:

h.=t, / Dt . Beeler et al. [2012] compiled some limited and model-dependent data on this
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efficiency from Abercrombie and Rice [2005] and found no natural values greater than 0.5. The
minimum fracture efficiency to bring the pseudotachylite data in line with typical earthquakes is
1.2. However, as none of the prior estimates of fracture stress or efficiency strictly include off-
fault damage or consider the impact of roughness on fracture energy, these remain topics for

further research.

The strength excess and fault roughness.

Consider instead that all of the right-hand side of (8b) was from the strength excess (7.=0),
then the difference between the initial stress and the failure strength would be ~47 MPa. In that
case the heterogeneity would have to be quite high in association with these earthquakes in
crystalline rock. Since the source region is a batholith and arguably not highly heterogeneous in
elastic or friction properties we can only appeal to stress heterogeneity to produce the necessary
strength excess. Some insight into the allowable amplitude of stress heterogeneity may be found
in studies of roughness contributions to shear strength [Chester and Chester, 2000; Dieterich and
Smith, 2009; Dunham et al. 2011; and Fang et al. [2013]. The idea is that fault shear resistance
consists of two components, the shear resistance due to frictional slip on a planar fault surface,
and that which results from fault roughness. Based on measurements of natural fault roughness,
the amplitude to wavelength ratio o appropriate for faults that host intermediate sized
earthquakes is between 10_3 and 10_2 [Power and Tullis, 1991; Sagy and et al., 2007]. According
to the modeled estimates to date, the upper end of this range produces dramatic stress
heterogeneity on the fault and significant additional shear strength beyond the interface friction
[Chester and Chester, 2000; Dieterich and Smith, 2009], deemed roughness drag, 7;,4g, by Fang
and Dunham [2013]. How roughness may define the strength excess would be to allow
earthquake nucleation on relatively flat portions of the fault at stress levels equal to the frictional
strength.

Since roughness drag increases the shear heating above that associated with slip on planar

surfaces with the same frictional strength [Griffith et al., 2010], this contribution is included in
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the pseudotachylite-estimated co-seismic shear strength (1b). Drag may be used to explain the
difference between lab and field-measured values of shear strength. Formally
8p°a’G'Dd
¢ drag = opa tba 9)
/ min

where Apip 1s the minimum wavelength of the roughness and G’ is the shear modulus divided by
1 minus Poisson's ratio [Fang and Duham, 2013]. Taking the ratio of slip to 4,,;, to be of order
one [Fang and Dunham, 2013], the amplitude ratio is a=,/t drag / G(Bp3 . Assuming the
difference between the lab and field shear strengths (~16 MPa) is the dynamic roughness drag,
and G'=40 GPa, then = 0.0013.

The roughness drag as estimated by Fang and Dunham [2013] (9) and in the prior study by
Dieterich and Smith [2009] is calculated for a discontinuity in otherwise intact rock assuming a
small amount fault slip relative to the smallest wavelength of roughness, elastic stress transfer,
and no dilatancy. Results of these assumptions are that the roughness drag is not pressure
dependent and it does not depend on the absolute level of the differential stress. As such the
same roughness drag applies to both the sliding and failure strengths, at all depths, so long as the
amplitude and characteristics of the roughness are not changed substantially by slip or by
ambient stress levels. Accordingly our estimated value of 16 MPa inferred from sliding is also
the strength excess due to fault roughness-generated stress heterogeneity. Even if we allow that
our failure strength of 104 MPa is overestimated by 16 MPa, that is not enough of a strength
excess to bring the pseudotachylite source properties in line with more typical earthquakes.

Admittedly these estimates do not consider contributions from material heterogeneity;
nonetheless those should be small in the relatively homogeneous source region of the
pseudotachylite. Contributions from slip heterogeneity are also not considered. Since those will
correlate with fault roughness in a homogeneous material [Duham et al., 2011; Fang and
Dunham, 2013] we expect that the difference between our estimate and the needed value of 47
MPa precludes reconciling the observations and typical earthquake source properties with this

model of the strength excess. Nonetheless, given that our roughness estimate is based entirely on
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the difference between field and lab melt shear strengths, along with the large uncertainties
associated with the field-inferred strength, and our assumption of the high Byerlee failure
strength, the strength excess remains perhaps the most poorly constrained of all the poorly
constrained earthquake source properties.

To assess whether the combined effects of strength excess and fracture energy are sufficient to
bring pseudotachylite into line with typical earthquakes, use the strength excess of 16 MPa in
(8b) to reduce the needed fracture stress from 47 to 31 MPa. The associated minimum fracture
efficiency would be ~0.8, exceeding the limited observations [4bercrombie and Rice, 2005] by a
factor of 1.5. Again we conclude that seismically generated pseudotachylite requires atypical
earthquake source properties, a result that seems robust even when limitations of the assumptions

are taken into account.

Future work on fault roughness.

There are physical limits on the estimate of roughness drag in equation (9). The underlying
theory breaks down at high but realistic amplitude ratios [Dieterich and Smith, 2009; Fang and
Duhnam, 2013], especially at near surface and intermediate depths. For example, at a modest
effective normal stress of 100 MPa the strength of intact granite is about 150 MPa while the
frictional strength is about 85 MPa. From (9), using the same slip and elastic assumptions as
previously, the roughness drag of a fault at the upper end of the natural amplitude ratio range,
a=0.01, is 990 MPa, more than ten times the frictional strength and approximately six times the
intact rock strength. Empirically this is out of bounds and arises mostly because the estimate
forbids the dilatancy that limits rock and fault strength in the first place [Brace et al., 1966;
Escartin et al., 1997]. Similarly at more modest values of the amplitude ratio but at greater depth
where the normal stress is high, according to (9), friction will dominate the shear resistance as
friction increases with normal stress while the roughness contribution does not. This is hard to
reconcile with existing laboratory data in which both sliding friction and intact rock strength

increase with confining pressure. In practice many of these issues with (9) are dealt with in
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numerical fault models [Fang and Dunham, 2013]. There, the stresses that arise from slip on
rough surfaces are calculated incrementally with slip (rather than assuming that Ad/A4,,;,, =1) and
when the drag stress reaches the failure strength of surrounding rock the material yields via a
separate pressure dependent plasticity relation.

Simpler models of rough faults and the bounds on the resulting stress heterogeneity might be
constructed using existing laboratory data. Among the non-physical aspects of the theory
underlying (9) are: no dilatancy and that the fault is zero-thickness and fully localized resulting a
stationary shear zone. On the latter, natural fault zones have finite thickness that likely provides
some degree of freedom to deform internally to accommodate roughness of the fault bounding
rock. On the former, disallowing rigid and fracture dilatancy on a fault between rock surfaces is
contrary to the most basic physical observations of brittle deformation and frictional slip [e.g.,
Brace et al., 1966; Marone et al., 1990]. Because of these issues we suggest that the contribution
of roughness to fault shear resistance is inherently pressure dependent, such that it is smaller than
(9) at near surface conditions where, in the presence of very low normal stress and distributed
shear, roughness likely leads to rigid dilation rather than damage in the surrounding rock, and
also so that the contribution from roughness does not diminish relative to friction at elevated
confining pressure. Furthermore the roughness contribution is bounded by existing experimental
data to be less than or equal to the strength of intact rock minus the frictional failure strength at
the confining pressure and temperature of interest. Future experiments on faults with amplitude
ratios between 0.01 and 0.001, at effective normal stresses and temperatures spanning those of

the brittle crust should better establish the contributions of roughness to fault strength.

Stress drop and the choice of source model.

Choice of source model has a very large effect on the inferred bounds of static stress drop,

such as the 95% bound Azg = 40 MP from Allman and Shearer [2009] that is superimposed on
Figure 3. The Madariaga source produces stress drops that are a factor of 2.6 larger than from

the Sato and Hirasawa [1973] model and 5.5 times larger than Brune [1970]. Decreasing the
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upper bound in Figure 3 to that which would be inferred from Brune [1970], would place all
scenarios except #3 further out of range of typical stress drops. This model dependency of static
stress drop is a significant barrier to using stress drop as a metric in studies of source physics
[McGarr, 1999]. And while there is no strict constraint on stress drops from pseudotachylite, our
analysis suggests that regardless of the source model used the stress drops from pseudotachylite
are unusual for earthquakes.

There are, unfortunately, additional fundamental problems relating the stress drop from
standard source models to pseudotachylite. For each of the Brune, Sato and Hirasawa and
Madariaga source models, the ratio of apparent stress to static stress drop is fixed with a value
0.22 < 1,/ Aty < 0.4. In otherwords, these are all crack-like rupture models that overshoot. In
contrast, experimental measurements suggest that the shear melts show rapid 'co-seismic'
strength recovery [Di Toro et al., 2011a] that, when extrapolated to a propagating, confined
rupture, are more consistent with undershoot and pulse-like propagation. In the absence of a
definitive earthquake source model that allows for undershoot or seismic methods that reliably
distinguish undershoot from overshoot it will remain difficult to use static stress drops to relate

laboratory observations to earthquake seismology.

Source properties of shear melts.

The source parameters in scenarios 1 to 4 are perhaps the seismic corollary to the
interpretation of the geologic record that pseudotachylite is rare [Sibson and Toy, 2006].
Although the interpretation is not without controversy [Kirkpatrick et al., 2009; Kirkpatrick and
Rowe, 2013], the corollary is not unexpected. While pseudotachylite is known to form under a
wide range of conditions, for example in presence of fluids, in metamorphic terrains and even in
large events within melange [e.g. Toy et al., 2011; Bjornerud et al., 2010, Meneghini et al.,
2010], the friction melting experiments of Di Toro et al. [2006a] suggest that pseudotachylites
are easily formed during imposed localized slip on pre-cut faults in cohesive rocks that are dry.

Many field studies also suggest that the typical ambient conditions of pseudotachylite is the dry
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crystalline basement of the continental crust [Sibson and Toy, 2006], as is the case for most
nappes in the Western Alps, where pseudotachylites are not uncommon fault rocks
[Pennacchioni et al., 2007]. The higher stress drops characteristic of intraplate earthquakes
[Scholz et al., 1986], including those of some very high stress drop earthquakes [e.g., Viegas et
al., 2010; Ellsworth et al. 2011] may indicate related properties of the source, once differences in
source model are accounted for. Large stresses relative to the failure strength, large stress drops,
and relatively low fault roughness may lead to some diagnostic rupture properties associated
with pseudotachylite formation. High initial stress levels promote a strong tendency for super-
shear rupture up to the compressional wave speed, specifically when the ratio of the strength
excess to the dynamic stress drop, S, is lower than 1.77 [Andrews, 1985] as claimed to be
observed experimentally by Passelegue et al. [2013]. Taking the 16 MPa strength excess, an
initial stress of 104 MPa, and sliding strength of 26.8 MPa, Andrews' S ratio is no higher than
0.26 and super shear rupture is expected. A large stress drop, low roughness and high initial
stress may also tend to promote propagation as an expanding crack rather than as a slip pulse
[Zheng and Rice, 1998].

An appealing third idea explaining the difference between typical earthquake stress drops and
the ~77 MPa values inferred for pseudotachylite dynamic stress drops relaxes our implicit
assumption that pseudotachylites are representative of the dynamic properties of the earthquakes
that generated them. Sibson [2003] suggested that faults have significant spatially varying
dynamic properties, allowing the majority of the shear strength to be concentrated in regions of
high geometric complexity (e.g., fault bends or step-overs). Fang and Dunham [2013] reached a
similar conclusion when considering large ruptures. This kind of model, where part of the fault is
dynamically weak but most of the shear strength is concentrated elsewhere, perhaps in relatively
limited areas, is similar to the numerical fault models with heterogeneous stress conditions that
allow fault slip at low average stress levels [Lapusta and Rice, 2003; Noda et al., 2009]. Under

the Sibson [2003] conceptual model, pseudotachylite is generated on parts of the fault that are
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geometrically simple prior to rupture, but it does not contribute significantly to the dynamic
shear strength of the entire fault. Our scenario 3 where we have imposed a typical stress drop is
related to this kind of event. Doing so requires that the rupture dimension is much larger than the
other scenarios, producing an M6 earthquake. In any event, the Sibson model would remove the
discrepancy between typical earthquake stress drops and the implied strength loss by
pseudotachylite in granite rock and would allow pseudotachylite to be more common as
advocated by Kirkpatrick and Rowe [2013]. Meanwhile the mechanical properties of
pseudotachylite would be largely irrelevant to the average seismically-inferred source properties
such as static stress drop and apparent stress. Testable implications of this model would be that
during seismic slip the majority of shear generated heat would be concentrated in distinct local
regions of low stress drop. In cases where the stress is high, regions of low shear strength due to
the formation of pseudotachylite would appear as 'asperities' in seismic inversions where the
stress drop and radiated energies are high [e.g., Kanamori, 1994; Bouchon, 1997; Kim and
Dreger, 2008]. A hope is that the character of radiated energy from such asperities could be
quantitatively related to laboratory and field studies of fault properties and in some cases related
to a particular shear deformation mechanism in the fault zone (e.g., melting, thermal
pressurization). This would require particular mechanisms to have characteristic source
properties, for example a distinctive frequency content. Making such a link between various
source properties and source mechanisms might be made using synthetic seismograms generated
by spontaneous dynamic rupture simulations [e.g., Andrews, 2005, Harris, 2004], as
developments in that field are directed specifically at the physics within the source [ Harris et al.,

2009].

Conclusions

The analysis of the energy budget and source properties of pseudotachylite-generating
intermediate sized earthquakes of the Gole Larghe fault zone in the Italian Alps where the

dynamic shear strength is well-constrained by field and laboratory measurements suggests these
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earthquakes have unusual source parameters. The assumptions are: that seismically determined
corner frequency relates to stress drop by the Madariga [1976] relation, that the heat inferred
from pseudotachylite thickness and fault displacement is equivalent to all energy that does not go
into the radiated field, and that the initial stress is approximately equal to the static fault strength.
For the felsic crystalline rocks of the source region, the final assumption results in an initial shear
stress on the order of 100 MPa. Stress drops and apparent stress are larger than a few 10 's of
MPa, unlike typical earthquakes, and the radiated energy equals or exceeds the shear-generated
heat. Relaxing these assumptions, the observations still cannot be reconciled with typical
earthquake source properties unless fracture energy is routinely significantly greater than in
existing models, pseudotachylite is not representative of average fault shear strength during the

earthquake that generated it, or unless the strength excess is larger than we have allowed.
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references.

Acknowledgements: This paper was greatly improved by USGS internal reviews of
Annemarie Baltay and Greg McLaskey, and particularly by journal reviews from Emily Brodsky
and Virginia Toy. NMB thanks Art McGarr, Alan Rempel, Tom Hanks, Annemarie Baltay, Eric
Dunham, Yoshi Kaneko, and Rachel Abercrombie for guidance in understanding shear melting
and empirical, model-dependent, and theoretical limits on earthquake source properties. Much of
the analysis was developed for an experimental study of shear melting with David Lockner,
Diane Moore, and Brian Kilgore. Funding for GDT, SN and NMB was provided by European
Union ERC StG project 205175 USEMS and ERC CoG project 614705 NOFEAR.

References

Abercrombie, R. E., and J. R. Rice (2005), Can observations of earthquake scaling constrain slip

weakening, Geophys. J. Int., 162, 406-424.

nmb 23 11/14/16



556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580

Allmann, B. B., and P. M. Shearer (2009), Global variations of stress drop for moderate to large

earthquakes, J. Geophys. Res., 114, doi: 10.1029/2009JB005821.

Andersen, T.B., K. Mair, H. Austrheim, Y.Y. Podladchikov, and J.C. Vrijmoed (2008), Stress
release in exhumed intermediate and deep earthquakes determined from ultramafic
pseudotachylite, Geology, 36, 995-998.

Anderson, E. M. (1951), The Dynamics of Faulting and Dyke Formation With Application to
Britain, 206 pp., Oliver and Boyd, White Plains, N.Y.

Andrews, D. J. (1976), Rupture propagation with finite stress in anti-plane strain, J. Geophys.
Res., 18,3575-3582.

Andrews, D. J. (1985), Dynamic plane-strain shear rupture with a slip-weakening friction law
calculated by a boundary integral method, Bull. Seism. Soc. Am., 75, 1-21.

Andrews, D. J. (2005), Rupture dynamics with energy loss outside the slip zone, J. Geophys.
Res., 110, doi:1029/2004JB003191.

Baltay, A., S. Ide, G.A. Prieto, and G.C. Beroza (2011), Variability in earthquake stress drop and
apparent stress, Geophys. Res. Lett., 38, L06303, do1:10.1029/2011GL046698.

Baltay, A., G. Prieto, and G.C. Beroza (2010), Radiated seismic energy from coda measurements
indicates no scaling in apparent stress with seismic moment, J. Geophys. Res., 115, B08314,
doi:10.1029/2009JB006736.

Barker, S.L.L. (2005), Pseudotachylyte-generating faults in Central Otago, New Zealand.
Tectonophysics, 397, 211-223.

Beeler, N.M., B.Kilgore, A. McGarr, J. Fletcher, J. Evans, and S.R. Baker (2012),
Observed source parameters for dynamic rupture with non-uniform initial stress
and relatively high fracture energy, in Physico-Chemical Processes in Seismic Faults, eds G.
Di Toro, F. Ferri, T. Mitchell, S. Mittempergher, G. Pennacchioni, Journal of Structural
Geology, 38, pp. 77-89.

nmb 24 11/14/16



581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606

Beeler, N. M. (2006), Inferring earthquake source properties from laboratory observations and
the scope of lab contributions to source physics, in Earthquakes: Radiated energy and
earthquake physics, eds. R. Abercrombie, A. McGarr, H. Kanamori, and G. Di Toro,
Geophysical Monograph Series Vol. 170 (American Geophysical Union, Washington, D.C.),
pp- 99-119.

Billi, A. and G. Di Toro (2008), Fault-related carbonate rocks and earthquake indicators: recent
advances and future trends, in Structural Geology: New Research, eds. S. J. Landowe and G.
M. Hammlerp, Nova Publishing, pp. 63-86.

Bjornerud, M., 2010, Rethinking conditions necessary for pseudotachylyte formation:
Observations from the Otago schists, South Island, New Zealand: Tectonophysics, 490, 69-80,
doi: 10.1016/j.tecto.2010.04.028.

Bouchon, M. (1997), The state of stress on some faults of the San Andreas System as inferred
from  near-field strong motion  data, J. Geophys. Res., 102,11731-11744,
doi:10.1029/97JB00623.

Brace, W. F., B. W. Paulding, and C. H. Scholz (1966), Dilatancy in the fracture of crystalline
rock, J. Geophys. Res., 71,3939 —3953.

Brantut, N., R. Han, T. Shimamoto, N. Findling, and A. Schubel (2011), Fast slip with inhibited
temperature rise due to mineral dehydration: Evidence from experiments on gypsum,
Geology, 39, 59-62.

Byerlee, J. D. (1978), Friction of rocks, Pure Appl. Geophys., 116, 615 — 626.

Chester, F. M., and J. S. Chester (2000), Stress and deformation along wavy frictional faults, J.
Geophys. Res., 105(B10), 23,421-23,430, doi:10.1029/2000JB900241.

Chester, J.S., F.M. Chester, and A.K. Kronenberg (2005), Fracture surface energy of the
Punchbowl Fault, San Andreas System, Nature, 437, 133—136.

Dieterich, J. H., and D.E. Smith (2009), Nonplanar faults: Mechanics of slip and off-fault
damage, Pure Appl. Geophys., 166, 1799-1815.

nmb 25 11/14/16


http://dx.doi.org/10.1029/97JB00623

607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632

Di Toro, G., and G. Pennacchioni, (2004), Super-heated friction-induced melts in zoned
pseudotachylytes with the Adamello tonalites (Italian southern Alps), J. Struct. Geol., 26,
1783-1801.

Di Toro, G., G. Pennacchioni, and G. Teza (2005), Can pseudotachylites be used to infer
earthquake source parameters? An example of limitations on the study of exhumed faults:
Tectonophysics, 402, 3-20.

Di Toro, G., T. Hirose, S.Nielsen, G. Pennacchioni, and T. Shimamoto, T. (2006a), Natural and
experimental evidence of melt lubrication of faults during earthquakes, Science, 311, 647—
649.

Di Toro, G., T., Hirose, S. Nielsen, and T. Shimamoto (2006b), Relating high-velocity rock
friction experiments to coseismic slip, in “Radiated Energy and the Physics of Faulting”, eds.
R. Abercrombie, A. McGarr, G. Di Toro, H. Kanamori, Geophysical Monograph Series Vol.
170 (American Geophysical Union, Washington, D.C.), pp. 121-134.

Di Toro, G., S. B. Nielsen, E. Spagnuolo, A. R. Niemeijer, S. Smith and M. E. Violay, (2011a),
Constraints on friction during earthquakes from rock deformation experiments, Abstract,
S53D-01 presented at 2011 Fall Meeting, AGU, San Francisco, Calif., 5-9 Dec.

Di Toro, G., R. Han, T. Hirose, N. De Paola, K. Mizoguchi, F. Ferri, M. Cocco, and T.
Shimamoto (2011), Fault lubrication during earthquakes, Nature, 471, 494 - 499.

Di Toro, G., G. Pennacchioni, and S. Nielsen (2009), Pseudotachylites and earthquake source
mechanics, in Fault-Zone Properties and Earthquake Rupture Dynamics, ed. E. Fukuyama,
Elseiver, pp. 87-133.

Dunham, E. M., D. Belander, C. Lin, and J. E. Kozdon (2011b), Earthquake ruptures with
strongly rate-weakening friction and off-fault plasticity, part 2: Rough faults, Bull. Seism.
Soc. Am., 101, 2308-2322.

Ellsworth, W.L., K. Imanishi, J. Luetgert, J Kruger, and J. Hamilton (2011), The Mw 5.8

Virginia Earthquake of August 23, 2011 and its Aftershocks: A Shallow High Stress Drop

nmb 26 11/14/16



633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657

Event, Abstract S14B-05 presented at 2011 Fall Meeting, AGU, San Francisco, Calif., 5-9
Dec
Escartin, J., G. Hirth, and B. Evans, (1997), Nondilatant brittle deformation of serpentinites;
implications for Mohr-Coulomb theory and the strength of faults, J. Geophys. Res., 102, 2897-
2913.
Fang, Z., and E. Dunham (2013), Additional shear resistance from fault roughness and stress
levels on geometrically complex faults, J. Geophys. Res., 118, 1-13, doi:10.1002/jgrb.50262
Griffith, W. A., S. Nielsen, G. Di Toro, and S. A. F. Smith (2010), Rough faults, distributed
weakening, and off-fault deformation, J. Geophys. Res., 115, B08409,
d0i:10.1029/2009JB006925.

Guatteri, P., and P. Spudich (2000), What can strong motion data tell us about slip-weakening
fault friction laws? Bull. Seism. Soc. Am., 90, 98—116.

Hanks, T. C. (1977), Earthquake stress-drops, ambient tectonic stresses, and the stresses that
drive plates, Pure Appl. Geophys., 115, 441-458.

Harris, R.A., (2004), Numerical simulations of large earthquakes: dynamic rupture propagation
on heterogeneous faults, Pure and Applied Geophysics, 161,2171-2181, DOI:10.1007/s00024-
004-2556-8.

Harris, R.A., M. Barall, R. Archuleta, E. Dunham, B. Aagaard, J.P. Ampuero, H. Bhat, V. Cruz-
Atienza, L. Dalguer, P-. Dawson, S. Day, B. Duan, G. Ely, Y. Kaneko, Y. Kase, N. Lapusta,
Y. Liu, S. Ma, D. Oglesby, K. Olsen, A. Pitarka, S. Song, E. Templeton, (2009), The
SCEC/USGS Dynamic Earthquake Rupture Code Verification Exercise, Seism. Res. Lett., 80,
119-126, doi: 10.1785/gssrl.80.1.119.

Hirose, T., and T. Shimamoto (2003), Fractal dimension of molten surfaces as a possible

parameter to infer the slip-weakening distance of faults from natural pseudotachylites, J.

Struct. Geol., 25, 1569-1574.

nmb 27 11/14/16



658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682

Hirose, T., and T. Shimamoto (2005), Growth of molten zone as a mechanism of slip weakening
of simulated faults in gabbro during frictional melting, J. Geophys. Res., 110, B05202.
Ida, Y. (1972), Cohesive force across the tip of a longitudinal shear crack and Griffith's specific
surface energy, J. Geophys. Res., 77, 3796-3805.
Ida, Y. (1973), The maximum acceleration of seismic ground motion, Bull. Seism. Soc. Am., 63,
959-968.
Ide, S. and G. C. Beroza (2001), Does apparent stress vary with earthquake size?, Geophys. Res.
Lett., 28, 3349-3352, d0i:10.1029/2001GL0O13106.
Jeffreys, H. (1942), On the mechanics of faulting, Geol. Mag., 79, 291-295.
Kamb, B. (1970), Sliding motion of glaciers, Rev. Geophys., 8, 673-728.
Kanamori, H. (1994), The mechanics of earthquakes, Annu. Rev. Earth Planet. Sci., 22, 207-237.
Kanamori, H., and T. H. Heaton (2000), Microscopic and macroscopic physics of earthquakes, in
Geocomplexity and the physics of earthquakes, Geophys. Monogr. Ser., vol. 120, edited by J.
Rundle, D. L. Turcotte, and W. Klein, pp. 147-155, AGU, Washington, D.C.
Kanamori, H. and E.E. Brodsky, (2004), The physics of earthquakes, Reports on Progress in
Physics, 67, 1429 - 1496, DOI:10.1088/0034-4885/67/8/R03.
Kanamori, H., D.L. Anderson, and T.H. Heaton (1998), Frictional melting during the rupture of
the 1994 Bolivian earthquake, Science, 279, 839-842.
Kaneko, Y., and P. M. Shearer (2014), Seismic source spectra and estimated stress drop derived
from cohesive-zone models of circular subshear rupture, Geophys. J. Int., 197,1002—-1015.
Kim, A., and D. S. Dreger (2008), Rupture process of the 2004 Parkfield earthquake from near-
fault seismic waveform and geodetic records,J. Geophys. Res., 113, B07308,
doi:10.1029/2007JB005115.

Kirkpatrick, J.D., and C.D. Rowe (2013), Disappearing ink: How pseudotachylites are lost from
the rock record, J. Struct. Geol., 52, 183—198.

nmb 28 11/14/16


http://iopscience.iop.org/0034-4885/67/8/R03/
http://dx.doi.org/10.1029/2007JB005115
http://www.sciencedirect.com/science/journal/01918141

683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707

Lachenbruch, A. H. (1980), Frictional heating, fluid pressure, and the resistance to fault motion,
J. Geophys. Res., 85, 6097-6112.

Lachenbruch, A.H., and J. H. Sass (1980). Heat flow and energetics of the San Andreas fault

zone, J. Geophys. Res.,85, 6185-6222.

Lapusta, N., and J. R. Rice (2003), Low-heat and low-stress fault operation in earthquake models
of statically strong but dynamically weak faults, Eos Trans. AGU, 84(46), Fall Meet. Suppl.,
Abstract S51B-02.

Lavallee, Y., T. Hirose, J. E. Kendrick, K. U. Hess, and D. B. Dingwell (2015), Fault rheology
beyond frictional melting, Proc Natl Acad Sci U S A, 112(30), 9276-9280,
doi:10.1073/pnas.1413608112.

Lockner, D. A., and P. G. Okubo (1983), Measurements of frictional heating in granite, J.

Geophys. Res., 88, 4313-4320.

Ma, K.F., S.R. Song, H. Tanaka, C.Y. Wang, J.H.Hung, Y.B. Tsai, J. Mori, Y.F.Song, E.C.Yeh,
H. Sone, L.W. Kuo, H.Y. Wu (2006), Slip zone and energetics of a large earthquake from the
Taiwan Chelungpu-fault Drilling Project (TCDP), Nature, 444, 473-476.

Marone, C., C. B. Raleigh, and C. H. Scholz (1990), Frictional behavior and constitutive

modeling of simulated fault gouge, J. Geophys. Res., 95, 7007 — 7025.

Mase, C. W., and L. Smith (1987), Effects of frictional heating on thermal, hydrologic and
mechanic response of a fault, J. Geophys. Res., 92, 6249-6272.

McKenzie, D., and J. N. Brune (1972), Melting of fault planes during large earthquakes,
Geophys. J. Roy. Astr. Soc., 29, 65-78.

McGarr, A., (1994), Some comparisons between mining-induced and laboratory earthquakes,
Pure Appl. Geophys., 142, 467-489.

McGarr, A. (1999), On relating apparent stress to the stress causing earthquake fault slip, J.

Geophys. Res., 104,3003-3011.

nmb 29 11/14/16



708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732

Meneghini, F., G. Di Toro, C.D. Rowe, J.C. Moore, A. Tsutsumi, and A. Yamaguchi, (2010),
Record of mega-eathquakes in subduction thrusts: the black fault rocks of Pasagshak Point
(Kodiak Island, Alaska), Geol. Soc. Am. Bull., 122, 1280-1297,doi: 10.1130/B30049.1

Niemeijer, A., G. Di Toro, S. Nielsen, and F. Di Felice, (2011), Frictional melting of gabbro
under extreme experimental conditions of normal stress, acceleration, and sliding velocity, J.
Geophys. Res., 116, B07404, doi:10.1029/2010JB008181.

Noda, H., E. M. Dunham, and J. R. Rice (2009), Earthquake ruptures with thermal weakening
and the operation of major faults at low overall stress levels, J. Geophys. Res., 114, B07302,
doi:10.1029/2008JB006143

Nielsen, S., P. Mosca, G. Giberti, G. Di Toro, T. Hirose, and T. Shimamoto (2010), On the
transient behavior of frictional melt during seismic slip, J. Geophys. Res., 115, B10301.

Nielsen, S., Di Toro, G., Hirose, T. and, T. Shimamoto (2008), Frictional melt and seismic slip,
J. Geophys. Res., 113, B01308.

Orowan, E. (1960), Mechanism of seismic faulting in rock deformation, Geol. Soc. Am. Memoir,
79, 323-345.

Passelegue, F.X., A. Schubnel, S. Nielsen, H.S. Bhat, and R. Madariaga, (2013), From sub-
Rayleigh to supershear ruptures during stick-slip experiments on crustal rocks, Science 340,
1208-1211.

Pec, M., H. Stunitz, R. Heilbronner, M. Drury, C. de Capitani, (2012), Origin of psudotachylites
in slow creep experiments, Earth and Planet. Sci. Lett., 355-356, 299-310.

Pittarello, L., G. Di Toro, A. Bizzarri, G. Pennacchioni, J. Hadizadeh, and M. Cocco (2008),
Energy partitioning during seismic slip in pseudotachylyte-bearing faults (Gole Larghe Fault,
Adamello, Italy), Earth and Planetary Science Letters, 269, 131-139.

Power, W. L., and T. E. Tullis (1991), Euclidean and fractal models for the description of rock
surface roughness, J. Geophys. Res., 96(B1),415-424, doi:10.1029/90JB02107.

nmb 30 11/14/16


http://dx.doi.org/10.1029/2010JB008181
http://dx.doi.org/10.1029/90JB02107

733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757

Rice, J. R. (2006), Heating and weakening of faults during earthquake slip, J. Geophys. Res.,
111(B5), B05311, doi:10.1029/2005JB004006.

Sagy, A., Brodsky E. E., & Axen, J. G., 2007,Evolution of fault-surface roughness with slip,
Geology 35, 283-286.

Savage J. C., and M. D. Wood (1971), The relation between apparent stress and stress drop, Bull.
Seismol. Soc. Am., 61, 1381-1388.

Scholz, C.H. (2002), The mechanics of earthquakes and faulting. 2nd edition, Cambridge
University Press.

Sibson, R.H. (1973), Interactions between temperature and pore fluid pressure during earthquake
faulting — a mechanism for partial or total stress relief. Nature, 243, 66-68.

Sibson, R.H. (1974), Frictional constraints on thrust, wrench and normal faults, Nature, 249,
542- 544.

Sibson, R.H. (1975), Generation of pseudotachylite by ancient seismic faulting, Geophys. J. Roy.
Astr. Soc., 43, 775— 794.

Sibson, R. H. (2003), Thickness of the Seismic Slip Zone, Bull. Seismol. Soc. Am. , 93, 1169—
1178.

Sibson, R. H., and V.G. Toy (2006), The habitat of fault-generated pseudotachylite: presence vs.
absence of friction-melt, in Radiated Energy and the Physics of Faulting, eds. R.
Abercrombie, A. McGarr, G. Di Toro, H. Kanamori, Geophysical Monograph Series Vol.
170 (American Geophysical Union, Washington, D.C.), pp. 153-166.

Sone, H., and T. Shimamoto (2009), Frictional resistance of faults during accelerating and
decelerating earthquake slip, Nature Geosci., 2, 705-708.

Spray, J. G. (1993), Viscosity determinations of some frictionally generated silicate melts:

Implications for fault zone rheology at high strain rates, Journal of Geophysical Research:

Solid Earth, 98(BS), 8053-8068, doi:10.1029/93;b00020.

nmb 31 11/14/16


http://www.gsi.gov.il/_Uploads/18199.pdf
http://www.gsi.gov.il/_Uploads/18199.pdf

758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778
779
780
781
782
783

Spudich, P. (1992), On the inference of absolute stress levels form seismic radiation, in
Earthquake Source Physics and Earthquake Precursors, eds. T. Mikumo, K. Aki, M.
Ohnaka, L.J. Ruff and P.K.P. Spudich, Tectonophysics, 211,pp. 99-106.

Venkataraman, A, and H. Kanamori (2004), Observational constraints on the fracture energy of
subduction zone earthquakes, J. Geophys. Res., 109, doi:10.1029/2003JB002549.

Tinti, E., P. Spudich, and M. Cocco (2005), Earthquake fracture energy inferred from kinematic
rupture  models on  extended  faults, J. Geophys.  Res., 110,  B12303,
doi:10.1029/2005JB003644.

Toy, V.G., Ritchie, S., and Sibson, R.H., 2011, Diverse habitats of pseudotachylytes in the
Alpine Fault Zone and relationships to current seismicity: Geological Society, London,
Special Publications, v. 359, p. 115-133, doi: 10.1144/SP359.7.

Ujiie, K., H. Yamaguchi, A. Sakaguchi and T. Shoichi (2007), Pseudotachylytes in an ancient
accretionary complex and implications for melt lubrication during subduction zone
earthquakes, J. Struct. Geol., 29, 599-613.

Venkataraman, A, and H. Kanamori (2004), Observational constraints on the fracture energy of

subduction zone earthquakes, J. Geophys. Res., 109, doi:10.1029/2003JB002549.

Viesca, R. C., and D. 1. Garagash, (2015), Ubiquitous weakening of faults due to thermal
pressurization, Nature Geoscience, 8(11), 875-879. doi:10.1038/nge02554

Wilson, B., T. Dewers, Z. Reches, and J. Brune, (2005), Particle size and energetics of gouge
from earthquake rupture zones, Nature, 434, 749-752.

Wang, K. and J. He (1994), Mechanics of low-stress forearcs: Nankai and Cascadia, J. Geophys.

Res., 104, 15191-15205.

Wenk, H.-R., L.R. Johnson, and L. Ratschbacher (2000), Pseudotachylites in the eastern
peninsular ranges of California, Tectonophysics, 321, 253-277.

Wyss, M. (1970), Stress estimates for South American shallow and deep earthquakes, J.
Geophys. Res., 75, 1529—1544, doi:10.1029/J1B0751008p01529.

nmb 32 11/14/16


http://dx.doi.org/10.1029/2005JB003644
http://dx.doi.org/10.1029/JB075i008p01529

784
785
786
787
788
789
790
791
792
793
794

795
796
797

798
799

800

801
802

Appendix - Estimated initial stress

The hypcentral source region of the pseudotachylite at Gole Larghe was at approximately 10
km depth, in a strike-slip faulting regime in Tonalite [Di Toro and Pennacchioni, 2005; Di Toro
et al., 2005]. To estimate the ambient stress level we follow these cited prior studies and assume
an Andersonian strike-slip regime [Anderson, 1951] in which the lithostatic stress from
overburden oy is the mean of the greatest and least principal stresses S; =S, = (5‘1 +s 3) / 2.The
fault is optimally oriented for failure in the stress field and assumed to limit the stress level in the
surrounding rock. These conditions are depicted in the Mohr diagram (Figure A1), where the
fault is assumed to be cohesionless with a friction coefficient u=t/c,, defining the friction angle
M= tan @, ris shear stress, o is the effective normal stress (o, = oy, - p), 05, is normal stress and
p is pore fluid pressure. Here the ratio of pore pressure to the lithostatic stress is denoted by the
ratio A= p/ of [Sibson, 1974]. From the Mohr construction (Figure A1), effective normal stress
is

S.=s,(1- /)cos’r. (A1)
The lithostatic gradient is taken to be 26 MPa/km and o;= 260 MPa. To estimate a representative

effective normal stress we follow Di Toro et al. [2005] and average the results from assuming

the pore pressure is hydrostatic with pore pressure gradient 10 MPa/km, with those from

assuming dry conditions. That is, using A= 10/26 and A=0 in (A1), resulting in o, = 93 and 151

MPa, and a representative op,= 122 MPa for u= 0.85 [Byerlee, 1978] that is appropriate for

crystalline rock. These assumptions correspond to a shear resistance at failure of 7= 104 MPa.
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Table 1. Possible earthquake source properties for shear melting at 10 km depth, effective normal stress = 122 MPa and initial stress

of 104 MPa.
scenario average static stress drop, | apparent | average stress, overshoot, seismic thermal r (m) A Moment
strength, (MPa) stress, Ta | (MPa) x=05-t a/ D¢ s | efficiency, efficiency, (m?) (Nm)
ooy £ | DEs=to- T | apey | T=EHE, h=t,/f | /f
F=(tg+ty)/2
Orowan [ = [l 26.8 77.2 38.6 654 0 0.59 0.41 78.7 3.1e5 1.1el5
complete stress drop | 26.8 104 25.2 52 0.26 0.48 0.52 61.8 1.7e5 1.3el5
Df, =t
typical stress drop | 26.8 3.9 753 102 -193 0.73 0.27 25758 | 1.2e8 1.2e18
A7y=3.9MPa
typical  overshoot | 26.8 93 30.7 57.5 0.166 0.53 0.47 59.0 2.1e5 3.2el5
x=0.166
Four scenarios are considered and source parameters are tabulated for an average shear strength of 26.8 MPa (field). For each

scenario the assumed values are in bold in the Table. The values for the stress parameters in the Table can be derived directly from

the initial, and average strength, the definitions in the column headers, and the assumptions that are listed in the scenario rows, using

the assumed (bold) table values.
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Figure Captions

Figure 1. Natural and laboratory observed shear strength of granitic melt. Shown for reference
is the approximate static strength of pre-existing faults in granitic rocks (solid line) [Byerlee,
1978]. The dashed line is the regression of experimental data from Di Toro et al. [2006b],
extrapolated to higher normal stress. The field inferred shear strengths of Di Toro et al. [2005;
2006a], that are calculated from measured thickness-displacement ratios using equation (1c), are
plotted as the open symbols at the inferred mean normal stress. The box shows the range of

possible field-inferred shear and normal stresses.

Figure 2. Earthquake stress versus slip diagram after McGarr [1994]. Fault strength is shown
as the heavy black line while shear stress is the heavy black dashed line between 7 and 7;, the
starting and ending stresses. The average stress, 7, is denoted by the heavy grey dashed line and
the average fault strength, £, by the grey dashed line. The apparent stress is the difference
between these lines. This example is a case of overshoot [Savage and Wood, 1971] where the
final stress is less than the average strength. This is also a case where the starting stress is lower

than the failure strength 7,, defining a strength excess S,.

Figure 3. Variation of stress drop with seismic moment. Stress drops from the previous studies
of Abercrombie [1995], Tajima and Tajima [2007] and Allman and Shearer [2009]. Here all
stress drops are calculated using the Madariaga [1976] model. In the case of Tajima and Tajima
[2007], the stress drops were calculated using their tabled moment and corner frequency, f,
using Df =M, (]‘(3/(0.4217))3 and S = 3.9 km/s, assuming rupture propagation at 0.94, as in
Allman and Shearer [2009]. An implication of these and other compilations [e.g., Hanks, 1977;
Baltay et al., 2011] is that stress drop is moment independent. The dashed lines are the 99, 95,

and 90% boundaries from the global dataset of Allman and Shearer [2009] (solid circles). For
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example 1% of the stress drops are larger than the 99% line (110 MPa). The 95 and 90% lines
are stress drops of 40.3 and 22.9 MPa, respectively. Stress drops from exhumed pseudotachylite
for the scenarios listed in Table 1 are shown in grey. Moment is calculated assuming a circular
rupture, equation (6) in the text, a shear modulus x = 30,000 MPa, the average slip from the

exhumed pseudotachylite (0.59 m) and the stress drops for each scenario (Table 1), see text.

Figure 4. Variation of apparent stress with seismic moment. Compilation of apparent stress
(right axis) from Baltay et al. [2010; 2011]. The dashed lines are for 10 and 0.1 MPa and are the
approximate bounds on the observations. The implication of this and other compilations [e.g.,
Ide and Beroza, 2001] is that apparent stress is moment independent. Apparent stresses for
exhumed pseudotachylite for the scenarios listed in Table 1 are plotted in grey. Seismic

moments for the pseudotachylite are calculated as described in the caption to Figure 3.

Figure A1l. Schematic Mohr diagram of the estimated initial stress state for pseudotachylite at

the Gole Larghe fault zone (see Appendix text for description).
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