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Abstract

While power law distributions in seismic moment and interevent times are ubiquitous in
regional earthquake catalogs, the statistics of individual faults remains controversial. Continuum fault
models without heterogeneity typically produce characteristic earthquakes or a narrow range of sizes,
leading to the view that regional statistics originate from interaction of multiple faults. I present theoretical
arguments and numerical simulations demonstrating that seismicity on homogeneous planar faults can
span several orders of magnitude in rupture dimensions and interevent times, if the fault dimension W is
sufficiently large compared to a characteristic length Lcrit , related to the nucleation dimension. Large faults
are increasingly less characteristic, with the fraction of system-size ruptures proportional to (Lcrit ∕W)1/2 .
Earthquake statistics for large W∕Lcrit is remarkably close to nature, exhibiting Omori decay and power law
distributed rupture lengths. Simple crack models are consistent with a Gutenberg-Richter distribution
with b = 3∕4 and provide a physical basis for these distributions on individual faults.

1. Introduction
Seismic hazard models are one of the most societally relevant products of earthquake research, but they often
rely on poorly tested assumptions due to the scarcity of data on the recurrence interval of large earthquakes.
Whether individual faults are more characteristic than predicted by the Gutenberg-Richter distribution
remains a subject of discussion (Kagan et al., 2012; Mulargia et al., 2017; Page, 2010; Page & Felzer, 2015;
Parsons & Geist, 2009; Parsons et al., 2012, 2018, Schwartz, 2010; Stirling & Gerstenberger, 2018).
The debate on the frequency-size distribution of earthquakes is echoed in the earthquake physics community. Early earthquake cycle simulations of planar faults in an elastic medium produced sequences of
periodic, system-size events (Rice, 1993; Tse & Rice, 1986). Subsequent studies found that subsystem-size
events (partial ruptures) occur for a small enough slip-weakening distance (Lapusta, 2003; Lapusta et al.,
2000) or equivalently for a sufficiently large fault dimension (Cattania & Segall, 2019; Erickson et al., 2011;
Herrendorfer et al., 2015; Werner & Rubin, 2013; Wu & Chen, 2014). While simple limit cycles with few or no
partial ruptures are typically produced by correctly discretized models, under resolved simulations exhibit
richer slip complexity, including a power law distribution of rupture dimensions (Ben-Zion & Rice, 1995;
Lapusta et al., 2000; Rice, 1993). Even though these models do not correctly solve the continuum equations,
one interpretation is that oversized cells represent distinct fault segments and can be considered a proxy
for geometrical heterogeneity (Ben-Zion & Rice, 1995). Similarly, discrete models of faults (such as cellular automata, Bak & Tang, 1989; Olami et al., 1992, or discrete elastic models, Burridge & Knopoff, 1967)
produce a power law distribution of earthquake sizes, analogous to what is observed in nature.
The discrepancy between the predominantly characteristic and periodic behavior of continuum models and
the rich complexity of discrete models led to the view that the statistics of seismicity on a regional scale is controlled by the discrete nature of faults (Ben-Zion, 2008; Ben-Zion & Rice, 1995) or by frictional/geometrical
fault heterogeneity (e.g., Aochi & Ide, 2009; Dublanchet et al., 2013; Hillers et al., 2007; Kaneko et al., 2010);
the latter is also understood to be responsible for partial ruptures on megathrust faults (Dal Zilio et al., 2019;
Li et al., 2018; Qiu et al., 2016). An important question is then as follows: if fault roughness, segmentation,
and the interaction between separate fault segments are responsible for earthquake statistics on a regional
scale, are relatively smooth, isolated faults more likely to exhibit characteristic quasiperiodic behavior?
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Here I address this question from a fracture mechanics perspective. From simple energy balance arguments,
I demonstrate that a homogeneous velocity-weakening (VW; stick-slip) fault in an elastic medium, adjacent to or overlying a velocity-strengthening (VS; creeping) region, can rupture in earthquakes of variable
magnitude and exhibit temporal clustering, if it exceeds a critical dimension relative to the nucleation size.
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Figure 1. Examples of simulated cycles on antiplane vertical faults with variable W∕L∞ , with color indicating slip
speed on a log scale. The dotted line marks the velocity-weakening to velocity-strengthening transition. The x axis
shows computational time steps. (a,c) For W∕L∞ = 3.2, periodic full ruptures occur; (b,d) W∕L∞ = 13 results in two
ruptures per cycle; (e,f) W∕L∞ = 415 presents a wider range of rupture dimensions and temporal clustering. The
parameters for this simulation are b = 0.02, a − b = ±0.005 in the velocity-strengthening/velocity-weakening regions,
𝜎 = 50 MPa, and dc = 10−4 m. Simulations are performed with the pseudo-dynamic code FDRA (Segall & Bradley,
2012).
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For 2-D earthquake cycle simulations on homogeneous vertical, antiplane rate-state faults loaded by
downdip creep (supporting information section S1), the transition is illustrated in Figure 1 and was first
observed by Werner & Rubin (2013). The smallest fault (W = 3.2L∞ , with L∞ the nucleation half-length
defined below, associated with the transition from stable to unstable sliding) exhibits simple cycles of
system-size events, while two earthquakes per cycle occur at W = 13L∞ and about 12 earthquakes per
cycle at W = 415L∞ (where a “cycle” is the time between two full ruptures). Small faults are characteristic and periodic (Figures 1a and 1c), and two rupture cycles have a bimodal distribution of rupture length
and interevent times (Figures 1b and 1d). In contrast, earthquakes on the largest fault span 2 orders of
magnitudes in rupture length and exhibit temporal clustering (Figures 1e and 1f). Below, I present a simple theoretical model for these results, compare them with empirical power law distributions observed in
nature, and discuss the implications for earthquake cycle models and seismic hazard.

2. Theory
Consider a stick-slip fault segment loaded by creep from an adjacent creeping region: for example, an isolated small asperity embedded in a creeping fault or a long antiplane fault loaded by downdip creep. The
stress state in the seismic area is determined by the slip that has taken place in the creeping region during
the interseismic period since the last full rupture, S(t). I argue that the seismic behavior is controlled by
the ratio of interseismic slip required to nucleate an event (Sn ) to the slip required for a system-size event
(Sfull ). Intuitively, we may expect Sn to increase with the nucleation dimension L∞ and the slip required for
a full rupture Sfull to increase with the size of the seismic region. Since Sn is independent of W and Sfull
increases with W, we expect two regimes: for Sn ≥ Sfull , all events are full ruptures, with simple characteristic cycles. For Sn < Sfull , partial ruptures occur. The ratio of partial ruptures to full ruptures increases with
Sfull ∕Sn . From dimensional arguments (and confirmed more rigorously below), we may expect Sfull ∕Sn to
be an increasing function of W∕L∞ : This ratio defines the different regimes and degree to which the fault is
characteristic.
To make this argument quantitative, the problem can be described as follows. A seismic segment of extent
W, characterized by VW friction, starts slipping where the stress is the highest: at the boundary with the
creeping region, characterized by VS friction. Such slip is described as a 1-D crack in an infinite medium
loaded by end-point displacement S(t) applied at the VW-VS transition, from which slip penetrates into the
VW region (see Figures 1a, 1b, and 1e). Quasi-static crack propagation is controlled by an energy balance
criterion (Griffith, 1921), equivalent to requiring the stress intensity factor (SIF) K at the crack tip to be equal
to the fracture toughness Kc (Irwin, 1957).
The SIF can be written as K = KL − KΔ𝜏 , where KL is the SIF due to loading a stress-free crack and KΔ𝜏
accounts for uniform stress changes within the crack. The quasi-static equation of motion for the crack tip
at distance l from the load point is given by
KL (l) − K𝛥𝜏 (l) = Kc .

(1)

After each earthquake, the stress near the VS-VW transition is low, and the fault is locked; the loading term
KL (l) increases with time as slip accumulates in the VS region, and creep penetrates within the VW region.
When it reaches a critical distance Ln , nucleation occurs. During creep propagation, the fracture energy term
is typically√
negligible (Cattania√
& Segall, 2019), so equation (1) can be written as KL (l) ≈ KΔ𝜏 (l). The SIFs are
KL = 𝜇 ′ S∕ 2𝜋l and KΔ𝜏 = Δ𝜏 𝜋l∕2 (Tada et al., 2000), where 𝜇 ′ = 𝜇 for antiplane and 𝜇 ′ = 𝜇∕ (1 − 𝜈) for
plane strain deformation (𝜇 is the shear modulus and 𝜈 the Poisson ratio); Δ𝜏 is the stress increase behind
the creep front, which is equal and opposite to the stress drop in the previous event (section S3). Therefore
the displacement required for the creep front to penetrate a distance Ln is
Sn =

𝜋Δ𝜏
L .
𝜇′ n

(2)

As proposed by Hawthorne and Rubin (2013), equation (1) can also be used to estimate the minimum time
between full ruptures. The condition for full rupture can be simplified noticing that KΔ𝜏 = 0 over an entire
cycle (Cattania & Segall, 2019; Werner & Rubin, 2013) so that KL = Kc . With the expression for KL given
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Figure 2. (a) Number of earthquakes per cycle with variable W∕L∞ and rate-state parameters a, b. The onset of partial
ruptures occurs near the value of W∕L∞ predicted by the crack model and shown by the gray line, indicating the
estimated value for Ln = (2.9 ± 0.6)L∞ (Figure S2). Symbols refer to two values of rate-state parameters b (0.01,
diamonds; 0.02, circles), and white symbols on the left represent aseismic simulations. The horizontal line marks the
value of a∕b above which the nucleation length is given by L∞ (Rubin & Ampuero, 2005) and the scaling is expected to
apply. (b) Number of ruptures per cycle versus W∕L∞ , compared with equation (7) (gray line). Fractional values in the
simulations are caused by the alternation of cycles with a different number of events.

above, the SIF is minimum at the top of the fault (l = W). Therefore, the displacement required for a full
rupture is
√
2𝜋WKc
Sfull =
.
(3)
𝜇′
These critical displacements can be used to estimate the relative number of earthquake nucleations and full
.
ruptures. Suppose that slip in the creeping region accumulates at a rate S = Vpl (averaged across a cycle).
.
.
The average seismicity rate and the rate of full ruptures are simply r = S∕Sn and rfull = S∕Sfull , and the total
number of earthquakes per cycle is
√
Sfull
Kc W
r
𝛼=
=
∼
.
(4)
rfull
Sn
Δ𝜏Ln
Partial ruptures occur when 𝛼 > 1: The critical slip required for nucleation is smaller than the slip for a
full rupture. This condition can be expressed in terms of the ratio W∕Lcrit with Lcrit ∼ (Ln Δ𝜏∕Kc )2 . Note
that the quantities Ln , Kc , and Δ𝜏 are determined by the elastic and frictional properties of the fault and
do not depend on any actual, measurable length scale. For certain frictional laws, this expression can be
simplified by considering how Ln depends on Kc and Δ𝜏 . As shown in the section S2, for the rate-state aging
law simulations considered here, Lcrit is proportional to the nucleation length L∞ derived by Rubin and
Ampuero (2005):
L∞ =

𝜇 ′ dc
b
,
2
𝜋(b − a) 𝜎

(5)

where 𝜎 is the normal stress and a, b and dc are rate-state parameters. In this case, the number of earthquakes
per cycle grows as
√
W
𝛼∼
.
(6)
L∞
The ratio W∕L∞ determines the seismic regime of the fault: characteristic and periodic if 𝛼 ≤ 1, bimodal
for 2 ≥ 𝛼 > 1, and with a vanishingly small fraction of system-size ruptures as 𝛼 ≫ 1. While this result was
derived for cracks in a 2-D medium, the same transitions are expected to occur for other geometries. The
2-D result for the nucleation criterion (equation (2)) is also the limit for a circular asperity with R ≫ Ln or
CATTANIA
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Figure 3. (a) Distribution of rupture lengths for simulations with a∕b = 0.75 showing characteristic distribution at
small W∕L∞ , a bimodal distribution for W∕L∞ ∼ 10, and a truncated power law distribution for large W∕L∞ (up to
415). N∕Ntot is the normalized survival function (fraction of events at least equal to a certain rupture length). The
dotted line shows the power law exponent consistent with the scaling in equation (6). (b) Frequency-magnitude
distribution from ruptures in a 3-D medium estimated as outlined in section S4. The dotted lines show a
Gutenberg-Richter b value of 0.75 and 1.0.

indeed any geometry with a local curvature radius ≫ Ln . The scaling of the critical slip required for a full
rupture (equation (3)) is also common to other geometries and varies only by a geometrical factor of order
1, as demonstrated by Cattania and Segall (2019) for circular asperities and in section S3 for a vertical fault
reaching the free surface.
I test these predictions against numerical simulations of vertical antiplane faults (Figure 1), described in
section S1. For this simple geometry, the only modification to the theory above consists of including the
effect of the free surface, which modifies equation (3) by a factor 𝜙 = 0.71 (section S3). Using expressions
for fracture energy from rate-state friction, the condition 𝛼 = 1 is satisfied by
√
W
𝛼 ≈ 0.45
.
(7)
L∞
Therefore, partial ruptures are possible when 𝛼 > 1 or W > (5 ± 2)L∞ (the range corresponds to the standard
deviation of Ln ∕L∞ , as shown in Figure S2). Figure 2a shows a set of simulations with variable frictional
(rate-state) parameters and fault dimension: W∕L∞ = 5 ± 2 is a reasonable approximation of the transition
between single to double rupture cycles. The number of earthquakes per cycle is also well fit, to first order,
by equation (7) (Figure 2b). Note that equation (7) is derived assuming that each displacement increment Sn
corresponds to a single rupture; as discussed in the next section, this may not be true in 3-D, and the actual
number of events per cycle can be higher than this (and may be estimated by geometrical arguments; see
section S4). Moreover, in addition to the interseismic displacement accrued in the creeping region, the stress
field is modified by the occurrence of partial ruptures: for example, the area of lower stress that can stop
propagation of a further rupture (e.g., Lapusta, 2003). I find that this can lead to the occurrence of partial
ruptures even when the energy criterion above is satisfied (S(t) > Sfull ) and increase the fraction of partial
ruptures relative to equation (7).

3. Distribution of Rupture Lengths and Magnitudes
The distribution of rupture lengths is characteristic for small seismogenic regions and bimodal for those
large enough to have a partial rupture per cycle (Figure 3). If the seismogenic region exceeds hundreds
of nucleation lengths and multiple (>10) ruptures per cycle, the distribution appears close to a power law
truncated at the characteristic length W and spans 2 orders of magnitude. I do not attempt to derive this
distribution from first principles but instead seek the power law exponent consistent with previous results.
Consider a survival function of the form N(l) = Al−𝛾 between Lmin and Lmax , where A is a constant and N is
the number of events with rupture length ≥ l. The total number of events is simply AL−𝛾
, and the number of
min
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Figure 4. (a) Probability density function of normalized interevent times calculated between any two consecutive
events (full or partial ruptures) for the simulations with a∕b = 0.75. The gray lines are expressions for the universal
scaling observed in nature (Corral, 2004; Saichev & Sornette, 2007; equation S16) compared with a 1∕t decay and the
exponential distribution typical of Omori decay and Poisson sequences, respectively (black dotted lines). Simulations
with a coefficient of variation smaller than 10−3 are indicated by an arrow (delta function). Each curve is offset by 105
for clarity. (b) Coefficient of variation (standard deviation in Δt divided by the mean) as a function of W∕L∞ , color
coded by number of events per cycle. Circled simulations are those shown in the left panel. (c) Distribution of
normalized interevent times for Mw ≥ 6 earthquakes in the Advanced National Seismic System Comprehensive
Earthquake Catalog, 1980–2018. The catalog was subdivided into 60 regions of 2,000 km × 2,000 km, shown by the
different colors. Gray and dashed lines as in (a); the black line is the distribution for W∕L∞ = 415, also shown in dark
blue in (a).

−𝛾
events with characteristic length Lmax is AL−𝛾
max (there are ALmax events greater than or equal to Lmax and zero
events greater than or equal to Lmax + 𝜀, with 𝜀 an arbitrarily small positive number, since the distribution
is truncated). Therefore, the number of events per cycle is (Lmin ∕Lmax )−𝛾 . Setting Lmin ∼ L∞ and Lmax = W
and comparing this result with equation (6) imply 𝛾 = 1∕2, which is indeed the value in the simulations
(Figure 3a).

Estimating the frequency-magnitude distribution for a 2-D fault embedded in a 3-D medium requires some
assumptions on the rupture length along strike and the number of ruptures corresponding to each event
simulated in 2-D. Assuming that all ruptures have the same aspect ratio and stress drop, the survival function
−1∕2
in terms of seismic moments has the form: N(M0 ) ∼ M0 , corresponding to a Gutenberg-Richter b value
of 3/4 (section S4). Figure 3b shows the frequency-magnitude distribution obtained after weighting each
simulated event by the number of equivalent ruptures in 3-D, assuming constant aspect ratio. The b value is
close to the theoretical value of 3/4 but slightly larger; this seems to be related to a weakly sublinear scaling
of slip with rupture length, implying a weak decrease in stress drop. The exponent is remarkably close to
the typical b value of 1. However, the assumptions made when converting ruptures simulated in 2-D into
equivalent 3-D ones should be verified by running simulations in 3-D and considering rupture propagation
along strike after reaching the free surface.
CATTANIA
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4. Interevent Time Distributions
The distribution of interevent times also undergoes a similar transition from peaked at low W∕L∞ , to power
law at high W∕L∞ (Figures 4a and 4b). The coefficient of variation in interevent time is ∼10−4 –10−3 for
W∕L∞ < 4, indicating almost perfectly periodic behavior; it increases to 1.5 for the largest W∕L∞ (415), indicating clustering. I compare the interevent time distributions with those typically found in seismic catalogs:
Figure 4c shows the distribution of interevent times, normalized by the average rate, for Mw ≥ 6.0 events in
the Advanced National Seismic System Comprehensive Earthquake Catalog. Corral (2004) first noted that
the interevent time distribution rescaled by the total rate 𝜆 follows a universal form independent of location and selection criteria; later, Hainzl et al. (2006) and Saichev and Sornette (2007) demonstrated that this
behavior is well described by combining short term Omori clustering and background Poissonian seismicity.
This is described by a function given by equation S16 and shown by the gray lines in Figures 4a and 4c. For
W∕L∞ ≫ 1, the simulated interevent time distribution approaches this expression with a clear power law
decay at short 𝜆Δt, consistent with 1∕t Omori decay, and a slower decay at 𝜆Δt ≳ 0.1. As shown in Figure 4c,
the distribution at W∕L∞ = 415 is consistent with the theoretical expression and observed seismicity. This
indicates that stress interaction between faults and faults segments, while undoubtedly an important process
for regional seismicity, is not required to produce the universal interevent time distribution documented by
Corral (2004).
Temporal clustering is a direct consequence of afterslip: At a constant creep rate, it would always take the
same time to accumulate the displacement required for nucleation Sn , and interevent times would be constant even for multirupture cycles. The increase in clustering on larger faults is caused by faster afterslip,
caused by a wider afterslip region for larger ruptures. In section S6, I use a simple spring-slider model introduced by Perfettini (2004) and Perfettini & Ampuero (2008) to estimate the postseismic creep rate at the
loading point S(t). This yields the following expression for the time to the first nucleation after a full rupture:
Tn =

𝜎(a − b)vs Lp
𝜇 ′ Vpl

⎡( V )𝜋 LLnp −1
⎤
co
log ⎢
+ 1⎥ ,
⎢ Vpl
⎥
⎣
⎦

(8)

where (a − b)VS are rate-state parameters in the VS region, Vco is the seismic slip speed and Lp is the penetration distance of a rupture into the VS region, proportional to W. The duration of a cycle can be estimated
from the amount of slip required for a full rupture: Since creep rate averaged across a cycle is simply Vpl ,
one can write
Tfull = 𝜙 Sfull ∕ Vpl ,

(9)

with Sfull given by equation (3) and 𝜙 = 0.71 a factor accounting for the free surface (section S3). As shown
in Figure S4, this expression is a lower bound to the occurrence of full ruptures in the simulations, and the
time to the first nucleation is well approximated by equation (8). The strong temporal clustering for W∕L∞
is due to the fact that the nucleation timescale (equation (8)) and the full rupture timescale (equation (9))
differ by more than 6 orders of magnitude for large W∕L∞ .

5. Implications for Seismic Hazard
In this study I explore the statistical properties of seismic sequences on a fault adjacent to creep. I show
that (1)√larger faults are intrinsically less characteristic, with the fraction of system-size ruptures decreasing as Lcrit ∕W ; (2) for sufficiently large W∕Lcrit , the frequency-size distribution approaches a truncated
power law, with a theoretical Gutenberg-Richter b value of 3/4; and (3) interevent times display Omori-type
clustering driven by afterslip.
On a fundamental level, the occurrence of partial ruptures is due to gradients in the stress field, a phenomenon also reported in laboratory experiments (Kammer et al., 2015). In the present study, the 1∕x decay
of stress√from a dislocation represents the slip accumulated in the VS region (which results in the SIF
KL ∼ 1∕ x). The observation that the stress concentration ahead of a propagating rupture is large enough
to make the rupture unstoppable (Ben-Zion, 2008; Rice, 1993) is valid if the fault is relatively small so that
the difference between the stress at the nucleation point and the minimum stress along the rupture path is
smaller. At the bottom of the seismogenic zone, a − b can be close to 0, and the nucleation length for the ageing law may be rather large (of the order of 0.1–1 km for the aging law with dc ∼ 0.1 mm and 𝜎 ∼ 10 MPa).
CATTANIA
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This would result in W∕L∞ ≲ 100 and few ruptures per cycle, as found by Lapusta (2003) for simulations
with dc = 0.14 mm. On the other hand, the nucleation length in nature may be smaller than typically
assumed in numerical studies due to smaller values of dc (close to typical laboratory values of 0.001–0.01 mm;
see Dieterich, 1979; Marone, 1998). This would imply larger W∕L∞ , leading to more events per cycle and
the power law distributions emerging at W∕L∞ ≳ 102 –103 . For other frictional weakening mechanisms,
the ratio W∕Lcrit may be different. For example, the slip law tends to result in smaller nucleation lengths
(Ampuero & Rubin, 2008), favoring partial ruptures; but the smaller fracture energy would instead promote
full ruptures. Dynamic weakening also modifies the fracture energy. Viesca and Garagash (2015) derived
expressions for the fracture energy due to thermal pressurization, and I verified that the recurrence interval of full ruptures and its scaling with W can be estimated from the argument above (Cattania & Segall,
2016), with their expression for fracture energy. It should be noted that for slip-weakening processes with an
increase of fracture energy with slip, the scaling between Sfull and W will be different from what is derived
here for constant Kc (equation (3)).
The results presented here are in agreement with, and generalize, previous numerical studies. Lapusta et al.
(2000) first showed that decreasing the value of dc leads to the appearance of partial ruptures, and their
number decreases slowly with dc ; this was later confirmed by Werner & Rubin (2013). Recent studies found
an increase in partial ruptures and complexity with fault dimension in subduction zones (Herrendorfer et al.,
2015) and 2-D antiplane faults loaded from both sides (Erickson et al., 2011; Wu & Chen, 2014), confirming
that the results of the present study apply also to other fault geometries and frictional laws.
There is ample evidence for partial ruptures in nature. On megathrust faults, moderate (Mw > 7) events
have been observed in the downdip portion of the fault, in areas where large (Mw 8 − 9) events have previously occurred; recent examples include the 2015 Mw 7.8 Gorkha, Nepal (Avouac et al., 2015; Galetzka et al.,
2015), and the 2016 Mw 7.6 Melinka, Chile (Melgar et al., 2017) earthquakes. Other events, including the
2014 Mw 8.2 Iquique, Chile earthquake (Schurr et al., 2014) ruptured a fraction of a locked patch, arresting along strike where earlier ruptures propagated. Partial ruptures have been attributed to geometrical or
frictional fault heterogeneity (Dal Zilio et al., 2019; Li et al., 2018; Moreno et al., 2018; Qiu et al., 2016).
Other studies invoke, as I do here, gradients in the stress field due to nonuniform loading (Herrendorfer
et al., 2015; Michel et al., 2017), implying that partial ruptures may be rather common for sufficiently large
VW regions. It is worth noting that computational limitations often require to impose unrealistically large
values for some of the relevant length scales, for example by setting dc several orders of magnitude larger
than experimental values. This is effectively equivalent to modeling a much smaller fault (low W∕Lcrit ), thus
requiring additional complexity to reproduce observed sequences.
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CATTANIA

To summarize, I show that simple, isolated faults do not necessarily produce limit cycles of characteristic
and periodic ruptures. Power law distributions commonly observed in nature (Gutenberg-Richter distribution and Omori decay) can occur on a planar, homogeneous fault as long as the ratio of its size to a critical
dimension related to the nucleation length is large (102 –103 ). Natural faults additionally present geometrical
and frictional heterogeneity, which can give rise to even more variability in rupture lengths and more complex temporal patterns; however, such heterogeneity is not required to arrest a rupture and produce complex
seismic sequences. The fraction of characteristic ruptures is a decreasing function of W∕Lcrit , with faults
much larger than the nucleation length increasingly less characteristic. Simple energy arguments, which
can be refined by considering the particular geometry of interest, can provide insight into the statistics of
earthquakes on a fault and its seismic hazard.
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