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SUMMARY

Observations from laboratory, field, and numerical workmspag a wide range of space
and time scales suggest a strain dependent progressivgienabf material properties
that control the stability of earthquake faults. The asseci weakening mechanisms
are counterbalanced by a variety of restrengthening meésinan The efficiency of the
healing processes depends on local crustal propertiesasutgmperature and hydraulic
conditions. We investigate the relative effects of thesapeting nonlinear feedbacks on
seismogenesis in the context of evolving frictional proijesr using a mechanical earth-
quake model that is governed by slip weakening friction. k#aeng and strengthening
mechanisms are parameterized by the evolution of thedriaticontrol variable—the slip
weakening rate?—using empirical relationships obtained from laboratotgeriments.
Weakening depends on the slip of a model earthquake andtienuseaser, following
the behavior of real and simulated frictional interfacesalhg cause® to decrease and
depends on the time passed since the last slip. Results fratelmwith these compet-
ing feedbacks are compared with simulations using nonvewplffriction. Compared to

fixed R conditions, evolving properties result in a significanthgrieased variability in
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the system dynamics. We find that for a given set of weakenargmeters the result-
ing seismicity patterns are sensitive to details of thereesithening process, such as the
healing rateéh and a lower cutoff timet,., up to which no significant change in the friction
parameter is observed. For relatively large and small ttitoés, the statistics are typical
of fixed large and smalR values, respectively. However, a wide range of intermediat
values leads to significant fluctuations in the internal gnéevels. The frequency-size
statistics of earthquake occurrence show correspondingtationary characteristics on
times scales over which negligible fluctuations are obsknvéhe fixed® case. The pro-
gressive evolution implies that—except for extreme weailgand healing rates—faults
and fault networks possibly are not well characterized lepdy states on typical cata-
log time scales, thus highlighting the essential role of menmand history dependence
in seismogenesis. The results suggest that an extrapofatituture seismicity occur-
rence based on temporally limited data may be misleadingaiuariability in seismicity

patterns associated with competing mechanisms that ddfeittstability.

Key words: Rheology and friction of fault zones—Dynamics and mechaofdaulting—

Earthquake dynamics

1 INTRODUCTION

Faults evolve, organize, and interact in a fault networkdcoanmodate relative plate motion. Dur-
ing this complex strain organizing process (Wesnousky 12889) the micro- and macromechanical
properties of the involved materials constantly changesrastal rocks are continuously deformed,
transported, and altered as they are exposed to cyclicegemd stress fluctuations associated with
the earthquake cycle and remote earthquakes. Consequkeatisiction coevolves in response to abra-
sive mechanisms, wear, progressive structural regutenizand fluid assisted healing and restrength-
ening.

A number of laboratory and numerical experiments desigoesilate frictional rock properties sug-
gest a transition from overall strengthening to weakenirniy wontinued deformation. In principle,
an ensemble of relatively young, spatially distributedit&with rough sliding interfaces filled with
unconsolidated gouge coalesces into simpler structurfs grbund interfaces hosting consolidated
abrasive material. Friction associated with irreguladistj surfaces during initial breakup exhibits

strengthening which is characterized by a relatively ldrgeture energy(, required to create new
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fracture surface or to break prominent surface irregugeiin the seismogenic part of the crust, fric-
tional strengthening may be a result of dilatancy or locdtagic effects (effective temperature) of
granular aggregates, and is thus a typical response ofdessladated wear products (Marone 1998a;
Langer 2008, and references therein).

Tectonically driven rock grinding processes, i.e., almasif contact asperities and continuous grain
comminution, lead to the gradual development of fault zomegeg layers (Chester & Chester 1998;
Chester et al. 2004). The properties of gouge layers govermeyolution of the frictional resistance
during dynamic instabilities and therefore the behaviceathquake faults (e.g., Scholz 1990; Cham-
bon et al. 2006; Daub & Carlson 2008). The response of stralbtsimpler, relatively smooth faults
with consolidated wear products is typically charactetibg slip or velocity weakening, associated
with smaller G values. Under these conditions, the frictional resistadrops to relatively low dy-
namic sliding levels, thus promoting the occurrence angagation of large earthquakes.

The evolution of frictional properties reflects the orgatiian of crustal and fault zone material (Ben-
Zion & Sammis 2003). Dynamic friction is therefore senitie variable internal and external condi-
tions, such as gouge characteristics and mechanical piegef the adjacent crustal material (see the
Appendix for a more complete discussion). The interretetiof internal and external factors acting
over broad spatiotemporal scales govern local coseismakeveng and interseismic restrengthening.
Friction evolution is therefore a system response (Mar@88h), rather than a locally isolated pro-
cess.

Deformation induced weakening and counteracting time widga healing thus alter the dynamic
friction response. This suggests that from one earthqualtket next, friction may not be well de-
scribed by a fixed function, even in a given location on a gifait. A fault system may not reach a
steady state on time scales of few earthquake cycles, agqossee of the superposition of competing
processes that influence the properties and stability dfigaake faults.

Acknowledging the poor constraints on in situ weakening lagaling rates, we explore the effects of
strength degradation and recovery in the context of evglfristional properties, using a slip weaken-
ing friction law. The friction law is defined by the materiétength F{, the weakening rat&, and the
residual sliding levelf; (Fig. 1a). Conceptually, the level gi relative to the stress or force outside
the hypocentral area at the onset of an instability influertbe dynamic response and thus the slip
pattern of an earthquake. Becaugeontrols the slipAu = d. necessary to reach, it governs the
overall friction behavior and seismic response. We incafmhistory dependence through variation
of the weakening rat& with slip and time and contrast it with the fixd@lcase.

Although time and history dependence is an important aggeloe rate-and-state laws, the framework

does not account for the evolution of friction over long tiseales and the corresponding evolution
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of parameters that control stability, e.g., the frictiogp rate dependence (Ruina 1983). Using the
rate-and-state framework in multi-cycle simulations, ltealing controls the repetitive restrengthen-
ing after model earthquakes, but healing does not affectighamic regime which does not change
for a given set of parameters and boundary conditions. Reraad-state, it also less clear how to
construct a comparison study with a scenario of evolvingerties such as the slip rate dependence
or the critical slip distance.

To explore long term effects of friction evolution efficigntve choose a one-dimensional mechanical
model, i.e., a Burridge-Knopoff representation of an egrtke fault as shown in Figure 1(b) (Bur-
ridge & Knopoff 1967; Carlson & Langer 1989a). The model isgmed by the slip weakening law
shown in Figure 1(a) and formally introduced in Section 3.(Ejq Evolution of the weakening rate
R parameterizes changes in dynamic friction. Together, tmitve representation of a lateral fault
and the linear slip weakening friction represent the mostrabt level to investigate long term conse-
guences of evolving friction parameters.

We focus on heterogeneity associated with dynamics as edgosintrinsic material heterogeneity.
Increasing and decreasing valuesib€orrespond to transitions from relatively strong to weakdio
tions and vice versa. The dependencéan slip and interevent hold time follows empirical relation
ships that describe phenomena observed at different sgraporal scales (Sec. 2). While previous
numerical experiments mostly explored time independeéctidn parameters, we investigate conse-
guences of feedbacks, friction evolution, and resultirigrsieity patterns. Throughout this study, the
term ‘feedback’ is associated with slip and time dependbanhges of the control variablg, as op-
posed to elastic force interactions or the ‘positive fee#lbthat drives accelerating failure processes
(Sammis & Sornette 2002).

Section 2 presents observations related to strength dagradnd healing, and describes how the ob-
servations are parameterized in our friction model. SeQimtroduces the numerical implementation,
and in Section 4 we compare the results for systems with fisedwolving friction. We conclude with

a discussion of the implications of our results for obsemsgdmicity. The Appendix discusses in more
detail additional phenomena affecting the mechanical gntags of rocks and the friction behavior of

a fault and thus its seismicity.

2 WEAKENING AND STRENGTHENING PROCESSES

2.1 Weakening

The weakening of bulk properties such as the degradatioigidity, and the change of frictional re-

sistance governing the mechanical behavior of slidingased, depends on the deformation history.
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The strain dependence is deduced from observations ometliffecales, which suggest a progressive
coevolution of micro- and macroscopic fault charactessstOn the microscopic end, laboratory exper-
iments that measure the decrease of the friction breakdistended. (Marone & Kilgore 1993) and
the increase of gouge volume (Wang & Scholz 1994), and naadegkperiments on synthetic gouge
thickness (Guo & Morgan 2007) show a qualitatively similapdndence on shear displacement. On
the macroscopic end, field measurements of geometric fagk heterogeneity indicate a progressive
regularization of structural complexity as a function ofraulative fault offset (Wesnousky 1988). To-
gether, these studies indicate an initially fast decredseé. for gouge filled surfaces, a high initial
wear rate of rough surfaces, a fast increase of gouge ttéskdering early stages of deformation,
and a rapid initial decrease of fault irregularities. Thiéiahfast rates are consistently followed by a
more gradual change at relatively larger displacementgrevtetails depend on external variables,
e.g., normal stress.

Wang & Scholz (1994) expressed this collective behavior riel@ionship describing the gouge vol-
ume as a function of slip. Supported by the qualitativelyilsimbehavior of smoothing processes
observed under various conditions, we approximate chaoigtee dynamic control variabl®& (the

slip weakening rate, Fig. 1a) due to displacement using /8aBcholz 1994)

ARY = <’YO + A%) <1 — e_klAu) + ko AAu. (8]
1

Equation 1 describes the changediimue to weakening (') as a function of slip Au. Here,yq is

the initial gouge volume, and is a measure of the contact area. In our analygiand A will not be
used explicitly, but are used to scale the rangé\&" to appropriate values (Sec. 4.2.1). The wear
coefficientsk; > 0 andk, > 0 parameterize the efficiency of the wear process, and we odlid

on the properties of the function controlled by. Fork; = 0, ARY is proportional tol — e~ k144,
where largerk, leads to a greater change at smalfex. That is, the initial slope of the function
ARY = AR"(Au) as well as the transition between rapid and gradual increbgeR" are con-
trolled by ;. Fork, > 0, the sum in paranthesis scales the asymptote of thes=*14% term, and
the third term leads to a linear increase®R" beyond the rapid-to-gradual transitions. Note that
the form of Equation 1 is compatible with the power-law apjmation derived by Guo & Morgan

(2007), suggesting a generic character for the evolutiontfon.

2.2 Strengthening

Restrengthening is essential for stick slip and repetii@ghquakes on faults. This section discusses

the mechanical and frictional properties that are affebtedealing, how these observations are imple-
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mented in our model, and the observed variability in the ppatars that describe these mechanisms.
Healing can be due to one or more mechanisms, such as comhaithg, compaction, fluid assisted
changes in rheology associated with stress induced dt&soland redeposition, crack closure due to
ductile creep, and chemical precipitation leading to cdatémn and crack sealing (Li et al. 2006, and
references therein). These mechanisms affect mostlyréregth of a frictional interface, which can be
a fault that has slipped or microcracks whose density andhilition control bulk elastic properties. A
general observation is that friction interfaces regaiargith depending on the logarithm of contact or
hold time,t;, (Dieterich & Kilgore 1994). This decreasing healing rat¢haime has been documented
in laboratory experiments (Dieterich 1972, 1978). Obgi#oua of the recovery of seismic velocities
after earthquakes, and source property changes from iegesrthquakes are compatible with this
behavior (Vidale et al. 1994; Marone et al. 1995; Hickman &\y@001; Hiramatsu et al. 2005; Li
et al. 2006).

In contrast to thén(¢;,) dependence, studies on pressure solution (Yasuhara 80&l), hormal stress
changes (Richardson & Marone 1999), and cohesive stremgthéTenthorey & Cox 2006) imply a
significantly faster-thama (¢5,) healing, demonstrating the sensitivity of restrengthgnmmechanisms
to variable conditions of a fault. Furthermore, healingesatnay differ after two seemingly similar,
‘characteristic’ events, depending on details of the pregerupture and the associated creation of
fracture and flow networks.

Different strengthening mechanisms possibly affect diffé properties of a friction parameterization
(Tenthorey & Cox 2006). Nakatani & Scholz (2004) found tiat tlynamic friction evolution distance
d. is also affected by changing conditions that cause a largabitity in the cutoff timet.. Further-
more, d. correlates with the width of gouge zones and the roughnesdidifig surfaces (Marone
1998a; Ohnaka 2003). For bare surfaces, the time depemiEaase of contact junctions (Dieterich
& Kilgore 1994) suggests that.—which is interpreted to be the slip that brings a new set mit$o
into contact—depends indirectly on time, too. For gougedilsurfaces, Marone & Kilgore (1993)
found a deformation dependent reductiondpfdue to shear localization. Healing might then work
against localization (Lyakhovsky et al. 1997a), assodiatgh an increase in,., which is equivalent
to an increase in the weakening r@&teassuming a constant frictional sliding level (Fig. 1a). S
our model strengthening 4’) is implemented applying the widely observed logarithrdapendence

on hold time toR,

AR® = —bln (’;—h + 1) . )

C

Theln(t;,) dependence, withy, the time elapsed since the last slip on a fault, assumes a tovweff
time, t., up to which no significant increase in state or strength s&eoled (Nakatani & Scholz 2006).

Beyondt,., healing shows a log-linear growth with slopeThe minus sign in Equation 2 stems from
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the fact that stronger conditions (larger asperity cos)aate associated with smaller weakening rates
(largerd.). The values ob andt. control the healing behavior, and we thus ésendt. as tuning
parameters for restrengthening processes. Nakatani &%5¢2@04) observed values for~ 0.01,

in agreement with previously reported rates used in theamatkestate theory (Dieterich 1978), while
measurements of the cutoff timgvary over many orders of magnitude and depend strongly on tem
perature and hydraulic conditions.

The dry experiments conducted by Dieterich (1972) at roamptrature indicate. is of the order

of 0.1 to 1 sec for the laboratory system. However, theseitiond neglect temperature dependent
and fluid assisted processes at depths associated witlatianleegimes of large earthquakes (Scholz
1990). Nakatani & Scholz (2004) performed experiments siratilate a range of hydrothermal con-
ditions and found an inverse dependence.ain temperature, measuring values betweea 103 sec
andt. = 5 x 10* sec. Moreover, healing on natural faults suggestaay be as large & x 10° sec
(Marone et al. 1995). Nakatani & Scholz (2006) concluded th& not an intrinsic constant of the
healing process, and may depend on the state immediately after a slip event.

Choosing different combinations of the weakening and hggtiarameters,, & (Eq. 1), andb, t.
(Eq. 2), respectively, we investigate the properties offsgtic seismicity of a mechanical earthquake

fault model discussed next.

3 SIMULATION STRATEGY

3.1 Numerical Implementation

We use a one-dimensional Burridge-Knopoff (Burridge & Kafifl967) model of a spring-slider
chain connected to a loader plate moving with veloeityas shown in Figure 1(b) (Carlson & Langer
1989a,b; Carlson et al. 1991). The individual mass ofrih@ocks ism, the strength of the slider
connecting springs is., andk, is the strength of the leaf springs between the loading satiesand
each sliding element. The teriis the slip dependent friction law discussed below. Witldenoting
the displacement of block measured from equilibrium position, the equations of mofior this

system are (overdots represent time derivatives)
mi; = ke (i1 — 22 + xi-1) — kpv™ — F. 3)

See Xia et al. (2005) for solution strategies. In Equatiohe3dum of the first and second term on the
right hand side at a timeis the elastic force or stress acting on an elem&ntt). The average stress

or strain energy in the system, which is dominated by theaaeeposition of the blocks with respect
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to the position of the loader plate, is the normalized suigt) over all blocks,

E(t)=n"" ) Ki(1). @)
=1

The corresponding standard deviation, a measure of stresseqayy fluctuations associated with the
variability of block spacings, is estimated using

1/2

SE(t) = |n~1 ) (Ki(t) — E(t))? (5)
i=1

(Ben-Zion et al. 2003), and the temporal averages of thessunements are denoted Asand§ 2,
respectively. Values oFf anddE are scaled respectively by the maximum possible internafggn
E*, and a value corresponding to large fluctuatiaifs;. Inspection of Equation 3 reveals that is
identified with Fy, assuming a configuration at rest and equally spaced bl&#aall thatfy is the
peak strength of the frictional interface. Similadyz* is derived assuming a distribution of random
block offsetsz; drawn from a uniform probability distribution in the intev[0, 1]. Such a config-
uration is extremely unlikely to occur during the evolutiohthe system, and not observed during
our numerical experiments. The offsets are scaled to bgaié the driving force and the frictional
strength at the position where thg-term in Equation 3 is maximum. For the parameters givervibelo
SE* = 1.13, found by averaging E computed froml0* random block offset configurations.
Slip is measured im; = z; /Dy, with Dy = Fy/k,, the maximum distance the loader plate can move
before a block starts slipping. The characteristic loading ist* = Dy /v, i.e., the time required
for the loader plate to move the maximum displacement beddstock starts slipping. Constant pa-
rameters used throughout this study are= 5000, m = 1, k, = 40, k. = k:plz, [ = 10, Fy = 3,
v>® = 1077, and the dynamic time step during integration using a foortter RK method (Press et al.
1992) isdt = 0.001. The size of an event is measured in the equivalent of seigoténcy, the integral
slip over the slipped area, which reduces to

P=>" Auj, (6)

jel

wherel denotes the subset of blocks that slipped during an evemsétpiently,P is measured in
units of slip.
Previous studies focused on the model behavior as a funatitm friction termF' in Equation 3, and
used different versions of a velocity weakening frictiow.ld&lere we use slip weakening friction of

the form

P Fy (max [fs,1 — 0 — RAu]), if Au> 0 (block is slipping); @)

(—o0, Fol, if Au =0 (block is at rest).
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Here, f; is the frictional sliding levels = 0.01 approximates an infinitesimal drop in frictional
resistance once the threshdiig is exceeded (Carlson et al. 1994), dhdienotes the weakening rate,
given in units ofFy and Dy. That is, forR = 1, o = 0, and f; = 0 friction drops fromF = Fj to

F = 0 over the distanc&u = Dy (Fig. 1a).

In Section 4, we perform simulations using fixed, time indefmntR values, and later sections discuss
slip and time dependent changes of the slip weakening ratapily the feedback rules in Equations
1 and 2, the weakening rate is adjusted as follows.tLeind¢, denote the times of two successive
instabilities at position. ThenR;~ and R;* denoteR; immediately before and after the instability
attq, ande‘ is the value at the onset of slip &t As discussed in Section 2.1, slip weakens an

interface, and this weakening is parameterized by a slipmldgnt increase iR;

R!" =min [R*,R}” + ARY], (8)

i =

whereARY is sensitive to choices dfi, k2 (EQ. 1). That is, the amourdk R is added to the value
at the onset of the instabilitﬁil‘, but the new valueRilJr does not exceed the upper bouRt. Note
that the value oR; is adjusted after the event, but the friction behavior ofaxklis governed b)Ril‘,
and does not change during the event.tAtthe onset of the next instability at positienthe time

t, = to — t1 is determined and; adjusted according to

R?™ =max |R', RIT + AR}, (9)

7

where AR® depends o andt. (Eq. 2). Recall thatA R? is negative, and the weakening rate thus
decreases down to a minimum val&®®. The upper and lower bounds of tiierange,R* and R,

are discussed in Section 4.1.1. We assume a separation ektaies, i.e., we assume a zero load
velocity limit (v>° = 0 during instabilities) that prevents temporal overlap aisecutive but spatially
separated events.

All discussed results consider data recorded after thalitiainsients. The system size has been taken
to be sufficiently large that we avoid finite size effects. Tago of the number of blocks involved

in the largest events;;, to the system sizep, never exceeds;/n = 0.45, and in most cases is

significantly smaller.

3.2 Dynamic Control Variables

Before we turn to simulation results (Sec. 4), we discusdribgon parameterdy, R, and f;. The
frictional strengthFy determines the maximum load an interface can sustain. Beaafuheteroge-
neous material properties of crustal rocks, and spatialjable restrengthening mechanisms (Sec.

2.2) the evolution of heterogeneous distributiongpfis physically plausible. For simplicity we ig-
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nore this material source of heterogeneity in our model tviaiould require a more elaborate scheme
to determing ands for the next nucleation. It would also lead to spatiotempdnanges in the charac-
teristic distanceD, = Fy/k,, which would make it more difficult to identify the involvedrgth and
time scales appropriately. For reasons of computationgblgity we therefore refrain from changing
Fy as a function of slip or time and s€} = const., and varyR and .

In Section 4.1 we consider the behavior of the system in respdo a range of fixed friction pa-
rametersk and f;. First, we assume a constant frictional sliding leyielA large (small) weakening
rate, R, corresponds to a small (large) fracture enetg\Fig. 1a). Relatively large (small) values of
R do (do not) allowF' to drop to Fy fs over the distancé\u = d., leading to effective weakening
(strengthening). Recall that strengthening and weakeaieg@ssociated with the dynamic response of
unconsolidated, disorganized granular aggregates aidlifigal crustal material, respectively (Sec. 1).
Second, we test the implications of a change in the resididaig level, f;, which controls the strength
drop whenfy andR are both held constant. Changegjmeflect the observation that the degree of sur-
face roughness correlates with the steady state frictiefficeent. That is, for a fixed? strengthening
occurs more rapidly for larger values fof which implies a reduced possibility of rupture propagatio
The potential effect of variablé; is indicated by the 3D studies of Zoller et al. (2005b) anchtde

et al. (2006), who use the strength drop as a heterogeneityjuaimg parameter, respectively.

4 RESULTS
4.1 Timelnvariant Homogeneous Frictional Conditions
4.1.1 Statistical Properties

This section guantifies how slip patterns and the correspgrfdequency-size statistics change as a
function of fixed homogeneous friction paramet&rand f;. Figure 2 shows slip evolution patterns in
response to a constant frictional sliding lev&l= 0.5, and variable weakening ratds, The relatively
large fracture energ§ associated with a small weakening rate results in frictistrengthening, pro-
hibiting accelerated, unstable slip (Fig. 2a). This is aksitected in significantly reduced slip rates
during ruptures compared to instabilities governed bydafg values, and the events in Figure 2(a)
have thus a creep-like character. Larger rdtelead to conditions that favor unstable slip (Figs 2b
and c), because there is less dissipation. For intermedhétes R = 1), the system exhibits a broad
range of event sizes, compared to large values=(2) for which the energy release is dominated by
the occurrence of very large events.

The largest events faR = 0.5 involve approximately as many blocks as the large eventgfer 2,

and hence show the same delocalized character, but haveders @f magnitude less slip. The small
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offsets imply a relatively regular block spacing, leadimgapproximately equally strained loader
springs, and the forceK; are close to the failure strengftfiy. This synchronization is a result of
low offsets during an unstable slip event, and is also reftetly the high internal energy levet,
discussed below. In the three cases shown in Figure 2, sugait®eare confined to localized regions.
The system produces a wide range of event sizes, with thexgofe spanning five orders of mag-
nitude for R = 0.5, and the range increases far > 0.5. Figures 3(a) to (d) show frequency-size
statistics produced by systems with= 0.5 andR = [0.5, 1, 1.3, 2] (cf. Fig. 2). For values smaller
than R = 1 friction does not drop to low residual levels during unstablip, which suppresses the
propagation of instabilities and the accumulation of cersét slip. The corresponding seismicity dis-
tribution exhibits Gutenberg-Richter (GR) power-law sogfor small, localized events. The distribu-
tion is truncated by an exponential tail, indicating thekla€very large events (Figs 2a and b, 3a and
b). In the earth, this feature is typically associated withturally heterogeneous, immature stages
of faulting (Wesnousky 1994, Stirling et al. 1996). Rsincreases in our simulations towarfls= 1,

the range of power law scaling also increases. Ear 1 a separate population of very large events
develops (Figs 3c and d), leading to ‘hybrid’ statisticshaginergy release dominated by events of
a characteristic size, reminiscent of natural seismiditgtaucturally simpler faults (e.g., Wesnousky
1988; Ben-Zion 1996; Hillers et al. 2007).

The transition from the power-law scaling with exponentiadoff to a characteristic earthquake (CE)
distribution with excess large events is accompanied bya(fgduction of the overall productivity
(the ‘e’ value in the GR scalindog N = a — blog P, with N the number of events of siz@), (2)

an increased maximum event siZ&;, and (3) the widening of the gap between relatively small and
(very) large event populations. The opposite trend of aregme in the productivity foR = 1 (Fig.

3b) compared taR < 1 (Fig. 3a) is explained by the occurrence of local stress eatnations in
the vicinity of large, approximately Gaussian shaped slgnés (Fig. 2b). In general, the results are
consistent with statistical properties of seismicity proed by faults at different evolutionary stages,
suggested by observational and numerical evidence (Wskndi988; Ben-Zion 2008).

Comparing the properties of synthetic seismicity obtaiwétl the slip weakening law (Eq. 7) to the
corresponding results using velocity weakening fricti@nifies the importance of the weakening rate
for the system dynamics (for velocity weakening frictior theakening rater in Carlson & Langer
1989b; Carlson et al. 1991, 1994, plays a role similar to lipengeakening rateR in this paper). The

R dependence of the event size which marks the approximate transition between small argel
events, is compatible with the analysis in the Carlson giagers, where it was shown that the corre-
spondingP is a function of the weakening rate parameteSimilarly, the saturation oP*—it does

not increase foR > 2—has been found to be independent of the friction respomsetatled instead
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by the elastic properties of the systek, (k,, Fo).

Figure 4 illustrates the resulting frequency-size distiitns as a function of the slip weakening rate,
R, and the frictional sliding levelf;, for a range of fixed values. The figure illustrates that théist
tics are most sensitive to the weakening r&tdn the present model, the strength drop; fs, plays
only a secondary role. The relative insensitivity to thegeof f; values considered here fé&¥ < 1

is explained by the small offsetS« during ‘slow slip’ events, because the relatively snmfalvalues
prevent the frictional resistande from reaching the residual levé]. From this point on we usg as
the variable friction parameter in the limiig = 0.5 < R < R* = 2 (Eqs 8 and 9), and keefy = 0.5

constant.

4.1.2 Energy Measurements

Energy measurements allow us to track the temporal evalaiaghe system dynamics. Figure 5 il-
lustratesE(t) and dE(t) (Eqs 4 and 5) in two systems with smaR (= 0.5) and large R = 2)
weakening rates, respectively. In addition to the origofetia plotted after each individual slip event
(black), two temporally smoothed functions Bft) anddE(t), Eq4(t) anddE4(t), are shown. They
are average values @ andjE from consecutive time windows of lengtlt and overlapit/2. The
figure shows two cases: fdt = t*/2 (red) anddt = ¢*/10 (blue). Trivially, a smaller time window
leads to functions that are similar to the originals, wheremctions averaged over larger windows
approximate the long term averagésandJs .

The strain energy level = 0.989 is close to unity (the maximum value) fé = 0.5 (Fig. 5a) which
indicates that the system is always strained to a very highege because of the inefficient weaken-
ing mechanisms associated with a smallConversely, the lower internal energy level in response
to R = 2 (£ = 0.65) reflects the quasiperiodic occurrence of efficient eneedgasing, large, delo-
calized events. The corresponding level of the energy faticnss £ = 8 x 103 (Fig. 5b) for low
values ofR are small, indicating a relatively homogeneous and symihed system dynamics. The
large amplitudes produced by the lar@anodel reflect significant energy changes caused by intermit-
tent large slip events. Values aroutif = 0.45 reflect a substantial degree of internal organization,
compared t&d F = 1 associated with random test configurations (Sec. 3.1).

Higher energies and smaller fluctuations are associatédsivitnger material properties, which pro-
hibit the propagation of large cascading events. Corredipgly, the temporal averagds andJE
indicate that smaller energy levels and larger fluctuatamesassociated with the quasicyclic occur-
rence of delocalized events. A progression from highentetmverage values @ and corresponding

increases i E is consistent with organization of fault zone material angd@sponding friction evo-
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lution. As a result, fault systems progressively incredqsedapability for an efficient strain energy
release as we demonstrate in the next section.

Figure 6 summarizes the results of the time invariant, fixaidions, in aky; vs. d By plane, show-
ing results fordt = t* /10 (polygons) andit = t* /2 (colored circles). Smaller (larger) averaging time
windows dt result in an increase (decrease) of the variability arotnedldng term averagdy, 6 E
(black circles). Conceptually, counterclockwise pathsveigm the lower right to the upper left reflect
organization and regularization of a system, associatédimproved efficiency in releasing accumu-
lated strain energy through the production of large slipjmiexeOpposite pathways in tHe, vs. § E
plane are associated with higher strength and dissipatiueh coincide with an increased occurrence
of small events and a reduced probability of large eventsnte that we do not observe consistently
directed trajectories within datasets corresponding ttquéar choices ofk anddt, which could in-
dicate a coherent change or evolution of system dynamidheRahe patterns are consistent with

undirected fluctuations around the mean.

4.2 Evolving Frictional Properties
4.2.1 Feedback Parameterization, Length and Time Scales

To implement the weakening and strengthening processessdisd in Section 2, it is useful to con-
sider the relevant length and time scales. We begin thisogeatith a discussion of the weakening
length scales associated with observations introduce@ctich 2.1. From this we infer a distange
that characterizes the transition from initial frictiorsitengthening to later weakening behavior.

In the laboratory experiments by Marone & Kilgore (1993 thitially large critical slip distancéd,
reaches a lower, constant value for a shear strain of abouiut@he ratio between the initial and a
later constant value depends on the gouge patrticle sizébdiibn and layer thickness. In the Wang &
Scholz (1994) rotary shear experiments, the change in vagafnom initially high values to reduced
normal stress dependent steady state values occurs at Hbeut. The numerical experiments by
Guo & Morgan (2007) of strained particle ensembles indieathange in plastic deformation from
distributed to localized shear at a displacement of 10 mnte Nt these experiments do not simulate
stick slip episodes, but continuous deformation; henaesttains should not be confused with strains
at which rocks fail in earthquakes-(.1%). According to Marone (1998a), the microscopic distance
d; reflects the length scale of the stability transition asged with the discussed measurements at the
microscopic scaled(., wear rate, and localization). Since laboratory measunésneeed to be scaled
when applied to macroscopic scales, he argues that an agseaue ofd; might be applied to the
transition from fast to gradual change of geometric fautltezbeterogeneity with increasing cumula-

tive fault offsets (Wesnousky 1988).
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Therefore, we rescale the the transition distafycgssociated with the discussed microscopic observa-
tions to approximate mechanisms at a larger scale. Thisitban the conclusion that the breakdown
distanced, also depends on the observation scale, i.e., laboratoryigiddestimates ofl. differ by
orders of magnitude (Perfettini et al. 2003). Given the uadgties in the observations related to the
stability transition, we make an estimate of the transiti@ianced; using a scaling factor similar to
the ratio of estimates of the microscopic to macroscopieatislip distance (Bizzarri & Cocco 2003).
Hence, the transition distandg in our model is equivalent to an offsé&tu = Dy, assumingD, to be

of the order of 1 to 10 m (Table 1).

Using Equation 1, this translates into a transformatiodfom strong R = 0.5) to weak R = 2)
conditions, restrictingA R* to lie between 0 and 1.5. Figures 7(a) and (b) dispday™ (Eq. 1), i.e.,
the increase oR as a function of slip for different sets &f andk-. Starting with an initial value of
R = 0.5, different functions cross the boundary between weak amthgtbehavior associated with
R =~ 1 (Fig. 4) and thusAR" = 0.5 at different fractions ofDy. Figure 7(b) illustrates that the
evolution of a system is strongly controlled by the increas& at small displacements in the initial
small-R regime.

As discussed in Section 2.2, values for the healing pararete of the order 0.01, and the cutoff
time ¢. has been observed to vary by several orders of magnitudetimbescale of seconds, associ-
ated with the duration of unstable slip episodes, is reladdte slipping time of a single block in our
model,wlj1 x krp_l/z (Carlson & Langer 1989b), and leads to a ratio of slippingetireynonymous
to earthquake duration—to load time of ab@uk 10~. This proportion agrees with the ratio of the
duration of seismic slip to interevent times of large eanti@s on real faults.

Figures 7(c) and (d) show the incremekiz*(¢;,) and the evolution of as a function of the time
a block is at rest{;,, R(t,) = R(t, = 0) + AR*(t,) (Eq. 2), for different values of the param-
etersb andt.. Recall that the value oR at is updated after an event terminates and at the onset
of the next instability at (Eqs 8 and 9). For values &f= 0.01 the time required for total healing
(AR®* = —1.5, R = 2 — 0.5) barely counterbalances increasesimssociated with maximum
displacements of the order @y, with an approximate repeat tinté (R > 1). However, the magni-
tude of maximum slip during instabilities in the initial shA& regime is much less thah,, about
107Dy < Au < 1072 Dq. According to Figure 7(b), slip of this magnitude increagem the range

of 0 to 0.3, depending oh; andk,. Hence, a subsequent change-ak R* of similar magnitude is
necessary to reach the starting lef&l= 0.5, to keep the system in the strengthening regime. This
illustrates the role of the parametérandt. in determining—AR* (t;), with ¢, being a locally and
temporally variable quantity.

Because the value of the macroscopic stability transitistadce {; = D) is less well constrained
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by data than direct measurement$ ahdt., we focus on results using one set of parameters 0.4
and ks, = 0. The implications of different choices will be separatelgadssed. Choosing, = D
leads to ranges ak R™ in the smallf? regime that can be counterbalanced-bx R* usingb = 0.01,
a value typically observed in experimental situations. WWeuse a fixed weakening parameterization,
values around = 0.01, together with systematic variations ©f (Table 1). As demonstrated in the
following sections, our numerical experiments cover adai@nge of system behavior without using
extreme parameter choices, that illustrates the distindtietween systems with fixed and evolving

friction.

4.2.2 System Dynamics

Similar to Sections 4.1.1 and 4.1.2 we use frequency-siéstts and energy measurements to ana-
lyze the dynamics of systems with evolving friction. We cast these results to our previous results
for fixed friction parameters. We begin with the discussidrermergy measurements, and conclude
with examples of frequency-size statistics.

We set the parameteks = 0.04 andk, = 0 (Figs 7a and b) which leads to a relatively rapid tran-
sition from stronger to weaker material properties, accamgd by large changes iR as a result of
relatively small coseismic offset&« which occur in the smalRk regime. Figure 8 displays measure-
ments of £, anddEy for b = 0.01, b = 0.02 and variable cutoff times,.. All simulations start
with R = 0.5. Data are recorded beginning at tihe= t* after the initial transients have passed.
The competing weakening and strengthening feedbacksogtaraiting at = 2¢*. Visual inspection

of energy measurements indicate that the transients assdaivith the beginning of the feedbacks
do not last longer than approximatedy* to 5¢*. The discussion of system dynamics in response to
evolving friction considers data unaffected by these fgaris ¢ > 5t*).

In Figure 8(a) § = 0.01), a small cutoff timet, < 10 sec (grey, green data) keeps the system in the
small-R regime. This is because healing starts with a very shortydeid thus counterbalances slip
dependent increases &f soon after an event terminates. However, compared to thall:ginrefer-
ence’ results displayed in Figure (5) the< 10 sec cases (Fig. 8) develop significant deviations of
Eg4 andéEy from the seemingly straight lineB,, = 0.989 anddEy = 8 x 1073, This indicates
that the competition between weakening and strengthenfhgences the system dynamics, leading to
intermittent conditions allowing large events to occunthker reduction of the cutoff timg. results in
progressive suppression of the fluctuations. Systemstwith50 sec exhibit dynamics corresponding
to an overall weaker regime, indicated by smaller (lardeg) (6 E4;) levels. Figure 8(a) indicates that
at the large end of the. range considered here (blue data), the healing induceddses o2, A R?,

are too small to effectively counterbalance weakening.sgqunently, the energy measurements do not
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differ significantly from the fixed ‘larggz reference’ case (Fig. 5). The responses.io the range 10
to 100 sec (Fig. 8 red, black data) indicate that the resmestistems show significantly larger fluctu-
ations of E4; on time scales of tens of loading cycles. Interestingly/ekiel of energy variation§E ;;

are higher compared to the case= 10 sec (blue data), which shows a low&j;. This illustrates
that conditions in which weakening and strengthening damth are roughly balanced produce the
largest variability (fluctuations i, level of § E) in the system dynamics.

A qualitatively similar response to increasihgis observed using = 0.02 (Fig. 8b). The increased
healing rate shifts the relevant rangetpto larger valuest. = 2 x 103 to 20 x 10° sec, to obtain
results similar to Figure 8(a) with= 0.01. For the smallest, = 103 sec (grey data) considered here,
the system dynamics are almost identical to the fikee= 0.5 case, i.e., healing dominates the re-
sponse. Larger, (green, red, black data) results in energy measuremenisisimtheb = 0.01 case,
showing a progressive decrease of the energy [Byductuations offr over time intervals which are
long compared to the fixe®-simulations, and an increase in the energy variatidnsit a given time.
For the largest cutoff time, = 2 x 10* sec (blue data), weakening dominates and the dynamics are
similar to the fixedR = 2 case.

We performed additional simulations using different weakg curves (Eq. 1 with different values of
k1, ko), indicated in Figure 7(a) (dashed lines). For a given offsetAwu, a smaller value of
ARY™, equivalent to less efficient weakening, requires a smakating rate or larger cutoff time to
evolve towards weaker large-conditions. A reduction off; to values smaller tha®, (Figs 7a and
b) together with larger healing rates or smaller cutoff srhas a similar effect.

In summary, the results show that fast (slow) healing, patarized by relatively large (small) heal-
ing rates and small (large) cutoff times, suppress (supgioetdevelopment of persistent weakening
properties. For a broad range of intermediate parametaesalve observe significant fluctuations in
the energy measurements on time scales that are large cenjpathe time scales of fluctuations in
response to non-evolving friction properties. Measurdsehthe energy levell show that a system
can intermittently be in an overall weak state (snfall— large R), whereas at later times the prop-
erties may exhibit strengthening characteristics (bleaa drig. 8b around = 10¢* andt = 24¢*).
Details such as the time associated with these transitibtt$)(depend on the values férandt.,
but the qualitative results are robust over a range of paeéhat control the evolution d?. This
suggests that fluctuations on time scales of multiple eadke| cycles may be a generic feature of an
evolving threshold system with competing frictional weaikg and strengthening.

Figure 9 displays the temporal behavior of the systems dégmlin Figure 8 in th&y, vs.d E 4 plane,
showing typical evolution paths for different values of theakening and healing rates. The trajecto-

ries depend oh andt., and except for limiting values the fluctuationg#-as well as the range ot
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and E—are large compared to the fixdtleases (Fig. 6). The data indicate a transition from strength
ening to weakening dynamics. Strengthening (weakeninggualycs are characterized by a high (low)
energy levelE, a large (small) variability 0§ E at a relatively low (high) E level. The two dynamic
regimes correlate with up-down trajectories in the lowghtiand left-right trajectories in the upper
left of the E 4 vs. §E4 plane. The results are sensitive to the time windtwbut are found to be
robust fordt > 0.5t* (Fig. 9¢). These illustrations confirm that efficient heglas a consequence of
relatively small values of the cutoff tinte does not allow a system to develop behavior corresponding
to largeR conditions (see grey and green data in Figs 8 and 9). In thesepes, periods of reduced
energyFE due to the occasional occurrence of large events increasatlability, indicated by signif-
icant changes inF. However, the reductions i are small, because the frictional properties of only
a limited set of blockd has undergone significant change. Because of the longedgdtie involved
sliding elements < I are at rest, theiR values heal back to the maximum strength. A qualitatively
similar behavior is observed for larger cutoff times. Feyd{d) expands a section of data fram*
(Fig. 8Db, black data), sampling;; andd £y values withdt = 0.5¢*. Progressively darker shades of
grey illustrate the temporal evolution, indicating a pdraj significant strengthening (clockwise path-
way) followed by weakening (opposite trajectory). Thoulgis type of pattern is consistently observed
in the dynamics, we do not observe a systematic temporarpdtir the time ranges considered.
While the analysis o anddE measurements permits a detailed analysis of our numeiical- s
lations, the corresponding observations cannot be madeadrdaults. To discuss properties that are
observable, we consider temporally variable propertiesyothetic frequency-size statistics. Figure
10 shows three examples of frequency-size distributioos fsimulations withb = 0.02 (Fig. 8),
where the corresponding subcatalogs contain seismidifjvivconsecutive time windows of duration
2t*, covering data fromt = 5¢* to ¢ = 15¢*. Differences in seismicity rates for a given poteriéyn
subsequent time windows vary for different valuesofin Figure 10(a), occurrence rates for smaller
events are relatively constant, while the frequency of oetice for events wit® > 10 can differ by

an order of magnitude between successive subcatalogs.hBnges are significant compared to the
data in the inset, showing statistics of five consecui#esubcatalogs from fixed? cases, where no
differences can be observed. Note that the results aretrokiisrespect to the time window chosen
(not shown). Models with larger values ©f(Figs 10b and c) show less pronounced changes at larger
potencies, but an increasing change in medium-size séfgmiith 10~ < P < 10. Seismicity rates
for large potencies show the largest variability when theadyics alternate between weakening and
strengthening behavior (e.g., foe= 0.02, t. = 5 x 103 sec). The changes in seismicity rates are less
significant in situations dominated by weakening or strieeging (e.g., fob = 0.02, t. = 10* sec),

yet indicate effects of continuous changes in the frictiganaperties. The results imply that extrapo-
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lations based on past seismicity patterns possibly undevarrestimate seismicity rates at later times,

depending on the potency range.

5 DISCUSSION
5.1 Comparison to Previous Numerical Studies

We compare our results to previous models that simulate fame dynamics. We deliberately pa-
rameterize friction evolution in a relatively simple waglléwing a large body of field and laboratory
measurements that are most often parameterized usingesdikening models. Slip weakening is also
widely used as a starting parameterization for earthquakelations, and it is straightforward to
construct a case with non-evolving friction. Furthermave, find that our observations are compati-
ble with models of higher dimensionality and larger inténmaterial degrees of freedom, which use
a more detailed but computationally more expensive dasmimf physical mechanisms associated
with faulting.

Several studies using multi-cycle simulations exploraeystically the effects of frictional and me-
chanical parameters that control fault zone stability, disduss the properties of the resulting syn-
thetic seismicity patterns (e. g., Carlson 1991; Rice 18#3)-Zion 1996; Langer et al. 1996; Fisher
etal. 1997; Dahmen et al. 1998; Shaw & Rice 2000; Lapusta 208D; Weatherley et al. 2002; Heim-
pel 2003; Zoller et al. 2005a; Mehta et al. 2006; HillersleR@07). Properties such as the energy dis-
sipation and stress interaction distance, dimension, elgee@ of heterogeneity, and the range of size
scales have been used as control parameters. Across a anggedaf dimensionality and details of the
individual parameterization, structurally disorderedltie associated with highly dissipative friction
are observed to produce power-law statistics compatiltle e Gutenberg-Richter (GR) distribution
of seismicity. Relatively homogeneous conditions in tandeith frictional weakening mechanisms
lead to slip dominated by characteristic events (CE) witbréain preferred size. These seismicity pat-
terns have been discussed in the context of decreasing ¢rzahbeterogeneity and increasing fault
maturity of real faults (Wesnousky 1988, 1994; Stirling kt1®96). However to date most models
have used time independent variations of the control viasalwith relatively little attention paid to
the feedback mechanisms responsible for the evolution chargcal and frictional properties. In the
earth, such history dependent changes control the evolatia fault network from an initial, complex
state to a later, regularized state. The present studydemssihese competing feedbacks, focusing on
the evolution of the frictional slip weakening rate as a préor strengthening and weakening.

Our results are qualitatively compatible with observatiomade in damage rheology models, that ac-

count for plastic deformations and the evolution of thetadgwoperties of crustal rocks (Lyakhovsky
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etal. 1997a,b, 2001; Hamiel et al. 2006). In these studiestdlative efficiency of healing and weak-
ening mechanisms controls the damage distribution anthgergsponse pattern. In accordance with
the damage model (Lyakhovsky et al. 2001), we find that fégivjshealing, implying weak (strong)
memory effects of material weakening and slip localizatiemds to produces GR (CE) statistics. In
our model, different healing rates are modelled using yik@riations of the cutoff time., and small
and large values df. result in GR and CE frequency-size statistics, respegtivel

Studies of granular systems subjected to shear show artievodf fracture networks (Mora & Place
2002), compatible with the dynamics we observe when weakethdminates in our model. That is,
the absence of healing in the granular system causes reagfitnigh shear to remain localized when
boundary conditions remain constant. Furthermore, studiegranular materials show that the re-
sponse of frictional interfaces is highly sensitive to thesence and characteristics of gouge (Place &
Mora 1999; Guo & Morgan 2006). While regular stick slip beloavs typically observed for bare sur-
faces in laboratory experiments and numerical simulatigonage filled faults shows highly irregular
behavior. The jostling and rolling of the constituent paets introduces additional degrees of freedom,
analogous to fault zone material and gives rise to additicoraplexity. This highlights the importance
of microscopic interactions, which is implicitly consi@erin the evolution of the slip weakening rate

in the present study.

5.2 Clustering and M ode Switching

We observe for a wide range of healing rates fluctuationsdrsyistem dynamics and the correspond-
ing frequency-size statistics that are similar to seistyiciustering observed on real faults. Such a
situation emerges fdr = 0.02 andt, = 5 x 103 sec (Fig. 8), in which the system exhibits behav-
ior reminiscent of clustering or mode switching observegrevious studies (Ben-Zion et al. 1999).
For roughly six loading sequences, our system producessgxXagye events due to an intermittent
development of largd? weakening conditions, which are subsequently suppresgégdding and a
decrease oRk. Figure 10(a) illustrates the associated frequency-d&teifalitions for five consecutive
time windows with lengtf2¢*. The seismicity rate variations for potencleg(P) > 0 are reminiscent

of the temporal clustering of paleoearthquakes on the soutSan Andreas fault reported by Biasi
et al. (2002, and references therein). Biasi et al. (2002pbtjchowever, that segment interaction is
a plausible explanation for clustering at this site becaigbe distance to other seismogenic faults.
Our approach provides an alternative explanation, iietjdnal properties that evolve on time scales
comparable to the sequences in these studies may causecteration and subsequent deceleration
of activity.

Seismic clustering, both simulated and observed, needrgerieral develop the clean characteristics
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of mode switching observed by Dahmen et al. (1998) and zéllal. (2004) (for observational evi-
dence see Ben-Zion 2008). In the Dahmen et al. (1998) anlérZdl al. (2004) studies the statistics
switch unambiguously between the GR and CE distributiomalifes of the fixed, time invariant con-
trol parameters such as stress loss (i.e., energy lost dugatoor radiated waves) and heterogeneity
are in the vicinity of the GR-CE boundary in the stress lossheserogeneity plane. In these simu-
lations, the duration of a response type is 10 to 100 timesdihg cycle, and hence several times
larger than the time scales associated with the clusteffegtéBiasi et al. 2002). In contrast to the
Dahmen and Zoller mode switching but similar to the presesilts, Lyakhovsky et al. (2001) report
mode switching behavior for time scales of a few cycles, &lthrnating seismicity patterns that are
less distinct than those of Dahmen et al. (1998). While thakbpvsky et al. (2001) damage rheol-
ogy produces switching seismicity patterns due to changései damage, i.e., fault distribution, our
approach implies similar changes in seismic behavior desatving frictional properties of existing
faults. Note that earthquakes in the damage models are ranpgerized by frictional instabilities but

correspond to sudden irreversible changes in plastic oheftoon.

5.3 Nonstationarity and Predictability

The fluctuations responsible for the clustering effectehmplications on the predictability of future
events due to incomplete or limited knowledge of past sagynpatterns. Our qualitative analysis
reaches the conclusion that feedbacks lower the chance af@mate estimate of future seismicity
occurrence.

The nonstationarity of the dynamics with evolving frictierexpressed by significant fluctuations in
the dynamics—is apparent by comparing the respective mmasumts (Figs 8 and 9) to the corre-
sponding results of models with time independent frictibigé 5 and 6). The corresponding fluctua-
tions in the frequency-size distributions (Fig. 10) alsghtight the impact of feedbacks on seismicity
evolution. The development of a relatively stable dynamabdvior of non-evolving systems, illus-
trated by small to moderate fluctuations of tiendd £ measurements around a stable mean, implies
a relatively high predictability of future seismicity basen information of past dynamics. In a system
dominated by the occurrence of large and very large evemgs 8 R = 2), fluctuations occur in
the course of the seismic cycle, and patterns may exhib#l@ated moment release of medium-size
seismicity while the system approaches the punctuatiorlarfje event (Jaumé & Sykes 1999; Zoller
& Hainzl 2002). However, anticipations of seismicity rafestime intervals>2t* resting on observa-
tions of past seismicity are expected to be fairly accurgig. (L0a, inseiR = 2).

In comparison, to assess future behavior of a system witlviegofriction on the basis of past pat-
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terns, data from much longer times must be evaluated, diretin¢reased variability in the dynamics
and the associated fluctuations in the frequency-sizdhlisittns. Thus, extrapolations based on tem-
porally incomplete information regarding past and receigraicity possibly over or under estimate
the occurrence of future seismicity, i.e., statistics osesational time scales may not be reliable pre-
dictors of future events.

Biased estimates of magnitude dependent occurrence litbalzan also be based on limited sam-
pling from a fixed statistical distribution (Howell 1985; gan 1993). That is, the under estimation of
the probability of a large event in Howell (1985) is due todmplete sampling of a hypothetically
complete catalog. However, this mechanism for the vaitghil event frequency is different from the
mechanisms for variability observed in our simulationsc@ese friction evolution produces statistical
distributions that vary with time, the associated varitibd reflect changes in the dynamic regime. In
other words, a catalog that contains the complete seigno€ibne cycle may still lead to erroneous

estimates of seismicity at later times at which the dynamgime will have changed.

5.4 Fault Zone Evolution and Organizational Principles

The present results show qualitative similarities to medeht aim to account for changes of the me-
chanical properties of crustal material on time scales wit feone evolution (e.g., Lyakhovsky et al.
2001). To balancé-values, i.e., the slope, of regional Gutenberg-Richtatistics, Wesnousky (1999)
suggests a coevolution of fault slip rate and the distrdyutf faults of a given length. Observations
of similar relations, e.g., between the number of faults imetwork, their lengths, and the average
recurrence intervals of fault-size earthquakes, implystant adjustment of fault system properties
to evolving tectonics. The evolution from initially hetgeneous to longer aligned simpler faults im-
plies the initiation, growth, and coalescence of faultsn@taneously certain faults from the initial
configuration may heal and cease to be active or exhibit deeteseismicity. The evolutionary path
associated with growth and coalescence is similar to thakeeing’ trajectory shown in Figure 9(d).
Conversely, the healing and cessation of seismicity, a&ecrease of fault-size events, is reminis-
cent of the ‘strengthening’ trajectory in Figure 9(d). Frenmore, Wesnousky (1999) discusses that
changes in a tectonic regime may lead to the reversal ohstrganization, and thus strengthen exist-
ing faults and suppress unstable slip.

Strain organization is associated with a tendency to retheestrain energy (herd?) or configura-
tional entropy more efficiently. This is synonymous with ttagpability to produce large earthquakes
(Main & Burton 1984; Dahmen et al. 1998; Al-Kindy & Main 2003)/eakening dominates the forma-
tion, structural evolution, and geometry of mature ear#tkgufaults. This process has been suggested

to follow a global minimization principle (Sornette et a@9). However, previous approaches do not
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consider the effects of competing, potentially reversiegfnrengthening processes, as we do here.

The process of fault organization, the coevolution of meata and frictional properties, and the
corresponding seismicity distributions do not necesgéoilow a global optimization strategy to ex-
hibit features reminiscent of an optimized or organizedesys Rather, an increase in damage and
localization associated with the organization and modificaof crustal material—wear and break-
age, abrasion, material transport—can result just asydasih local and incremental adjustments, as
in the development of other internally highly structuredtsyns (Carlson & Doyle 2002). The local,
incremental evolution of material properties, e.g., th@athing of fault surface topography, as well
as the passage of seismic waves and hydrothermal conddmmss across a range of scales. Fault
networks containing mature faults represent structuredigarations, incrementally organized for a
sufficient release of strain energy for the present tectsituation. The resulting—even intermittently
immature—configurations are not random or disorganizetirdpresent structures with pronounced
history dependence which have evolved to their currene stabugh feedbacks coupling material
properties and dynamics.

Local incremental algorithms have been shown to lead toadhernistics similar to more globally
applied optimization schemes (Carlson & Doyle 2000; Robkerl. 2001; Carlson & Doyle 2002;
Reynolds et al. 2002; Zhou et al. 2002). Both global and la¢gbrithms can incorporate feedback
and efficiency consistent with a minimization principletitwately, the key feature is that the resulting
system is more organized than it is random, so that a deiscripased on organization or optimization,
rather than the statistics of an ensemble of random confignga provides a more accurate starting
point for modeling. While we expect biological and techrypal systems to be much closer to opti-
mal than earthquake faults, the basic consequences ofrsgsganization through feedbacks, even at

a relatively primitive level, are shown here to have a sigaiit influence on the dynamics.

6 CONCLUSIONS

We conducted numerical experiments on an earthquake faalehto investigate the effect of changes
in frictional properties of fault zones on seismicity evadn. The model incorporates empirically ob-
served deformation dependent weakening and competingdigpendent healing. Together these con-
trol the evolution of the frictional slip weakening rate, Time independent, fixed values Bfresult

in Gutenberg-Richter and characteristic earthquake &eqgytsize statistics for small and largere-
spectively, reflecting frictional properties associateithvearly and late stages of wear in deformed
materials. More complex system dynamics characterizedatget fluctuations in energy measure-

ments result from slip and time dependent changes of thiofal response. That is, slip dependent
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wear and abrasive mechanisms weaken a frictional interfagenydrothermal processes are respon-
sible for strength recovery during subsequent at-resbgsriFast acting healing mechanisms, param-
eterized by relatively small cutoff times, suppress anylégry in a system for the development of
persistent weakening dynamics, whereas for less effebeding the weakening mechanisms dom-
inate. For a broad range of intermediate parameter valueasmements of characteristic quantities
exhibit significant fluctuations. The time scale of thesetflations is large compared to fluctuations
in the calibration cases with fixed properties. For simatatiwith fixed, homogeneous friction data
covering relatively short time periods give an accurate sueaof the bounds of future seismicity,
whereas for simulations with evolving friction the extrégdmn of temporally limited past seismicity

pattern likely over or under estimates properties of fusgismicity.
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8 APPENDIX

Here we discuss in more detail a variety of physical mechasithat may influence weakening and
strengthening on faults. Our model is sufficiently genevdie at least qualitatively consistent with a
range of possible mechanisms discussed here.

During the process of strain organization the micro- androraechanical properties of the involved
materials constantly change. These changes affect thétgtabd dynamics of earthquake faults. The
complex multi-scale interactions of the competing weakgrand strengthening processes suggest
that homogeneous, time independent properties are unlikeddequately describe the state of fault
systems and individual faults. The purpose of this Apperglito illustrate the breadth of physical

processes which may be relevant.
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8.0.0.1 Overview Laboratory experiments on rock deformation represent dl stele version of
what may happen during fault zone formation. Acoustic eimigsreveal that initially formed micro-
cracks coalesce to form slip surfaces, and during this psog®terial properties change significantly
in response to irreversible deformations. Despite the wadge of possible and occasionally contra-
dictory responses of crustal material to external forcimgppending on locally variable conditions
such as mineral composition, the abundance and phase of,fluid temperature gradients—fault
(system) development can conceptually be characterizékdedfpllowing sequence: (1) the rheologic
weakening of initially intact though probably heterogemgoock; (2) the localization of deformation
accompanied by the regularization of geometric heterdgesg(3) abrasive mechanisms and wear
produce a widening process zone around fault cores, andotheefl gouges control the frictional
response to forcing; (4) geometric complexities contiralplead to irregularly distributed places of
wear and material accumulation.

The development of mature faults, and the adjustment of gdmetries to changes in the tectonic
regime expressed by the simultaneous formation of yourigectares indicate that properties of re-
gional fault systems change. That is, although maturedelg., the San Andreas fault) accommodate
significant portions of relative plate motion, immatureltaie.g., the San Jacinto fault) form in close
proximity because the stress field favors strain releaskeset areas associated with a higher degree
of energy dissipation. While fault zone formation and etiolu operates on time scales of the order
of 10° to 10° years—at least ten times the cycle duration of large eaatkep—material properties

might change over times as small as milliseconds, assdaidth earthquake rupture propagation.

8.0.0.2 Friction Our model investigates changes in friction behavior duedakegning and strength-
ening feedbacks. This subsection discusses additiorddme® that support the sensitivity of the fric-
tion evolution on microscopic conditions.

Rock friction assumes the existence of a sliding surfacerttzyy have formed during a breakup pro-
cess as described above. The leading order static frictiefficient has been found to be independent
of rock type (Byerlee 1978). However, the evolution of thietional resistance during instabilities
controls the behavior of earthquake faults, and has beamaatto depend on existence, composition
and characteristics of gouge, normal stresses, existdritg@ds, deformation history, hydrothermal
conditions, interevent hold times, and strain and slipsidiEperiments on dry, bare surfaces at room
temperature show an inverse proportionality betweenrgjiftiction and slip rates (Niemeijer & Spiers
2006, and references therein). Details of friction evolutiepend on the roughness of the sliding sur-
faces, which controls the evolution distance in the ratd-state framework (Dieterich 1972, 1978),

correlating smooth and rough surfaces with effective weikpand strengthening behavior, respec-
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tively. A large body of theoretical and numerical work disses the effects of occasionally subtle
changes in the constitutive rate-and-state parameterystens stability (e.g., Rice & Ruina 1983;
Rice & Gu 1983; Ruina 1983; Gu et al. 1984; Dieterich 1992;iRd&Ampuero 2005).

The rate-and-state formulation has been shown to be apfdioaer a range of quasistatic slip speeds
to friction of bare surfaces and the gouge layer, which athibbroader response spectrum. Succes-
sive wear of contact asperities leads to the formation ofygaPower et al. 1988; Wang & Scholz
1994; Beeler et al. 1996). According to Lockner & Byerlee9q3Pand Beeler et al. (1996), the gouge
remains localized exhibiting weakening properties as lsthe shear failure strength remains lower
than the strength of the surroundings. Beeler et al. (1986gmwed in rotary shear experiments of
initially bare surfaces an overall velocity weakening,ttisanterrupted by a period of strengthening
behavior. Continued wear results in a widening of the goum@ZPower et al. 1988; Gu & Wong
1994; Marone 1998a), and its stability sensitively depemsnultiple factors. Furthermore, gouge
composed of mixtures behaves different from homogeneousrials (Niemeijer & Spiers 2006).
Experimental studies have revealed the critical role oflflun gouge filled faults (see references in
Niemeijer & Spiers 2006), and theoretical studies dematedrthat dilatant gouges under wet con-
ditions can develop properties that suppress unstablgeslip, Segall & Rice 1995). A successive
organization of material in the fault core possibly leadbydraulically and thermally isolated struc-
tures, that give rise to rapid weakening mechanisms (emdréws 2006; Rice 2006; Segall & Rice
2006). Although relatively rare, molten material as a restihigh slip speeds and thermal isolation
(Sibson 1980; Passchier & Trouw 2005; Rempel & Rice 2006e Ri206) might further contribute to
the formation of spatially heterogeneous fault strengttihéinaftermath of large slip events.

Common to all laboratory rock experiments is the limitattorrelatively small total offsets without
bringing the same material in contact over and over agamhffause of relatively straight and planar
frictional surfaces or gouge geometries. Furthermoregexpents fail to combine coseismic high slip
rates, large displacements and normal stresses assogidttectustal dynamic faulting events (Toro
et al. 2004). Consequently, most measurements show aal iménsient followed by a steady state
response (Lee & Rutter 2004). Whereas first order frictidact$ can be observed analyzing these

experiments, important aspects of geometrical heteratyeren not be addressed.

8.0.0.3 Granular Materials As briefly discussed in Section 5, observations of the higblysitive
and nonlinear dynamics associated with granular matdréale important implications for fault zone
stability. The notion that fault zone gouge consists of ngcopic particles suggests granular mate-
rials subject to shear strain may be a proxy of earthquakie f@havior. Furthermore the granular

approach to study the evolution of dynamic variables is etpg by the occurrence of discontinuities
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in the crust, i.e., surfaces within broken material unaéfiddy healing (Ben-Zion & Sammis 2003).
These two observations indicate that the applicability disarete, granular approach depends on the
scale of the phenomena under investigation.

Ord et al. (2007) discusses the advantage of a discreteclpagipproach over continuum descrip-
tions to investigate emergent phenomena (Kim 2006) in gaterials, including fracture evolution
and strain localization. In numerical studies of granujatems, simple atomic-bond-like interactions
permit the evolution of patterning such as shear bands.Reegark by Langer & Manning (2007)
and Langer (2008) has shown, however, that continuum magelstaneously develop shear bands as
well. In these continuum models, strain softening emergégrally from a mean-field description of
the microscopic dynamics, in contrast to typical plastiaitodels where the softening is included only
phenomenologically. According to the underlying Sheam$farmation Zone (STZ) theory (Falk &
Langer 1998, 2000), microscopic configurational rearrareggs within the gouge occur much more
slowly than macroscopic stress equilibration, suggesdimgechanism for the continued change of a
gouge state over long time scales (Manning et al. 2007). ypplkhe theory within an elastodynamic
framework, Daub & Carlson (2008) showed that small diffeemnin shear strain localization influ-
ences the nucleation, propagation, and arrest of elastodafgrruptures and can thus lead to drastically
different results for earthquake simulations.

Granular systems subject to shear develop strongly aojsottime dependent stress fields (Mora
& Place 2002; Maloney & Lemaitre 2006; Ord et al. 2007), vehfarce chains carry most of the
applied load. Furthermore, the relative abundance of réiffegrain shapes within synthetic gouge
has strong implications on its stability (Guo & Morgan 200@pntinuous grain comminution affects
gouge zone features and thus mechanical properties ofztandis, thereby affecting fault strength and
stability (Mora & Place 1999; Guo & Morgan 2006). Spatiallgriable properties of gouges persist
in geometrically simpler fault configurations, resultimgahanges of microscopic states even though
macroscopically a steady state can be approached (Morgave&dher 1999; Lois et al. 2005). Guo &
Morgan (2007) discuss the generally poorly constrainegnessive change of granular gouge prop-
erties, and observe in their numerical experiment thaheeigouge zone thickness nor grain size
distribution evolve to a steady state value.

Wear and surface evolution are also reported in shear enpets of non-geo-materials (e.g., Fu et al.
2001a), leading to heterogeneous surface alteration amihaed abrasion of nonplanar obstacles.
Accompanying molecular dynamics simulations (Fu et al1&)@emonstrate the importance of mix-
ing phenomena at all stages of sliding. While Chester & Gn€$898) did not observe mixed material

in the fault core during late stages of faulting, competingcpsses of debris formation and removal
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by wear are likely to play a significant role in early and imtediate stages of fault zone evolution.

8.0.0.4 Mechanical Properties of Evolving Fault Zones Since the evolution of friction is the fo-
cus of the present study, mechanical properties of the rmbserrounding faults—represented by the
loader spring stiffnesk, (Fig. 1b) in our model—are not discussed. However, changtseimechan-
ical properties significantly influence the stability of fiay e.g., due to differences in stress buildup
and unloading.

The dominant deformation mechanism in relatively youndt$ais the creation of damaged and bro-
ken material through fracturing and comminution. Compgetinocesses like wear, abrasion and the
smoothing effects of debris removal tend to decrease stalcirregularties. Analysis of exhumed
fault sections from midcrustal depths indicate that sligalzes on a relatively narrow zone early in
the development, during a stage in which a considerable anufigeometrical complexity still pre-
vails (Chester & Chester 1998; Chester et al. 2004, andemdes therein). Yield strength and related
mechanical rock properties evolve during continued defdion from values of intact rock to the fric-
tional resistance of highly localized shear zones (Cowieckdiz 1992).

Although structurally simpler, mature faults show rougtsat larger scales and wavelengths, and be-
come never perfectly planar and homogeneous. Even very ge@ahetric heterogeneity has strong
implications on peak stresses and relaxation at fault uteedies (J. Dieterich, SCEC Earthquake
Simulators Workshop, 2008). Continued displacement atmngplanar surfaces results in local stress
concentrations responsible for episodic reloading of squkssing irregularities (Wilson et al. 2003).
Wrinkle-like slip pulses associated with rupture along &iemial interfaces brought into contact as a
result of large cumulative offsets (Andrews & Ben-Zion 13%hd the accompanied passage of a rup-
ture tip may also contribute to the accumulation of asymimeimage patterns. Thus local material
properties in the vicinity of a fault are continuously a#teér(Chester & Chester 1998).

Hong & Menke (2006) estimate the spatial dimension of a welated zone of the San Jacinto fault
and concluded that it extends to depths of the brittle-tuttansition zone, indicating its mechanical
importance throughout the seismogenic depth. The anay&slilt zone trapped waves allows the es-
timate of in-situ large scale wear processes, revealingxfstence of a highly fractured zone around
the fault core. This low velocity zone, typically a few huadrmeters to 1 km wide, persists around
large offset faults, consistent with observations fromusrbd fault segments. Spatially variable and
asymmetric rigidity gradients between intact host rockd #e damaged material (Fialko 2006; Li
et al. 2006), and the spatiotemporal variation in stren@igtrongly deformable low-rigidity compli-

ant zones (Fialko 2004) likely influence the seismic respansn irregular manner. The rheology of



Geophysical Journal International Page 28 of 47

28 G. Hillers, J. M. Carlson, and R. J. Archuleta

damaged rocks differs in fundamental ways from the reviersibformation associated with Hookean
elasticity. Experiments on the response beyond the eltistar portion reveal the irreversible change
in material properties of highly deformed rock (e.g., Loekat al. 1991), and are attributed to the den-
sity and distribution of microcracks. Continued cyclicdig progressively increases the yield stress
at the onset of damage, whereas the material strength desreath accumulated damage (Hamiel
et al. 2006). Permanently deformed rocks dominate crustglgsties particularly in tectonically and
thus seismically active regions, and the evolving nonlirreaponse to changing stress states likely

influences regional seismicity pattern (e.g., Ben-Zion &kkiovsky 2006).

8.0.0.5 TheRoleof Fluids Fluid assisted processes are implicitly assumed in our hiydapply-

ing variations in the cutoff time. observed by Nakatani & Scholz (2004) conducting fluid saéara
friction experiments. The existence and properties of fhhidses in the seismogenic crust, and their
effect on fault stability is in general hard to constrain.

Hence, fluids play an important but not well understood noline earthquake process (Hickman et al.
1995, and references therein). Observational evidenatesdfluids to a variety of faulting phenomena,
such as fluid driven aftershocks (Nur & Booker 1972; Bosl & I2002; Miller et al. 2004; Piombo
et al. 2005), remotely triggered earthquakes (Hill et a3t Husen et al. 2004), generation of aseismic
transients, tremors and possibly silent slip events ($&gRlice 1995; Shibazaki 2005; Liu & Rice
2007). Laboratory experiments investigate the mechanissponsible for overpressured fluid states
(Sleep & Blanpied 1992; Blanpied et al. 1998; Lockner & Bgerll994), and highlight the essential
role of fluid phases associated with healing and restrengthe€Nakatani & Scholz 2004; Tenthorey
& Cox 2006). Byerlee (1990) and Rice (1992) suggest an upwagdation of fluids within the dam-
aged fault zone, treating the fault as a sealed conduit,gkpisining the apparent weakness of large
faults. Depending on local material properties and ruptistories, fluid pathways can have complex
structures (Miller 2006; Sibson 2007), thus leading to togfeneous and asymmetric patterns of fluid
driven processes. The spatially and temporally highlyakde distribution of different volatile phases
across a fault network, and its multitudinous geochemtoadrothermal and mechanical implications

suggest that an equilibrated state is improbable.

This brief survey, which is far from being exhaustive, sugigdhat macroscopic properties of fault
networks, but also microscopic properties of individuallfs, probably do not reach a steady state.
While this seems trivial for time scales spanning the dinmssof fault zone formation and develop-
ment within stable tectonic boundary conditions, mechaaithat change the microstates of frictional
interfaces imply that equilibrated conditions are siniflamlikely to be met during shorter time peri-

ods.
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Observation Scale

Context / Conditions Model Implemeatati

Weakening (i) Diplacement at whicf). 1073 m
reaches a lower, constant

value
(i) Displacement at which 1072 m

accumulation of gouge

changes

(i) Displacement at which 107! m
wear rate changes
(iv) Displacement associ- 10°m

ated with regularization of

fault traces

Laboratory experiments of

friction with gouge Upscale observations from
microscopic scales (i) to (iii)

Numerical experiments of (4 account for macroscopic

particle ensembles conditions; Use upscaled
stability transition distance

dy = Dy (N 10 m)
Laboratory experiments of

frictional surfaces
Measurement of fault zone

heterogeneity

Healing  Healing raté 1072

Cutoff timet, 1 —10° sec

Measurements in friction Useb = 0.01 andb = 0.02.

experiments
Measurements in frictionUse5 < ¢, < 2 x 10° sec

experiments with variable

hydrothermal conditions

Table 1. Summary of the length and time scales associated with w@akend healing mechanisms discussed

in the text. The relevant references are given in Sectiod 4The displacements in (i) to (iv) refer to a distance

d, associated with the transition from strengthening to weadgbehavior. This transition corresponds to the

localization of deformation in gouge layers in (i) to (ii§nd to the reduction of fault trace heterogeneity in (iv)

that allows large ruptures to propagate.
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®

Frictional Resistance F/F,

—
(2]
L

Displacement Au/Dy

Figure 1. (a) Sketch of the slip weakening friction given in Equatioaid (b) the mechanical model described
by Equation 3. The velocity of the loader platevis, and the loader spring and block connecting spring con-
stants aret, andk., respectively. The motion of a block is controlled by thetion in (a). If the force on a
block, K, reaches the peak strength= Fy, F drops toF = Fy(1 — o). During unstable slipAu > 0, the
frictional strength decreases with raketo the sliding level, ' = Fy fs, at Au = d.. The grey shaded area is
proportional to the fracture enerd@y. The smalleiG, the weaker a fault behaves, and instabilities tend to grow

more easily.



Page 39 of 47 Geophysical Journal International

Competing Weakening and Healing Mechanism89

(a) () R=2
0.17 17 :
0.16 N 161
0.151 151
o 0.141 14]
a
> 0.131 131
0.121 121
0.111 11
0.1 10
0.4 0.4

Figure 2. Spatiotemporal slip patterns for systems wjth= 0.5 and variable values of the slip weakening

rate, R. The horizontal lines represent the position of blocksrageh slip event. In (a) to (c) thick solid lines

are drawn ever.05t*, 0.5¢t*, and5t*, respectively. The abscissa denotes the position of iddaftiblocks,

as a fraction of the system size, Note the magnitude differences on the vertical axis, resrgsto visually

capture the system characteristics. (a) A small weakeiteg associated with a large fracture energy, prohibits

the accumulation of slip during instabilities and reflecterall strengthening. (bR = 1 leads to increased

slip during unstable episodes and consequently the sliprmpatonsists of larger events. (c) Large, delocalized

events dominate the system response due to a relativelywargkening rate.
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Figure 3. Frequency-size statistics of synthetic earthquakes mextiby increasing weakening ratég,and a
constant frictional sliding levelf; (cf. Fig. 2). The potency is defined in Equation 6. The frequesf occur-
rence is scaled to the rate per loading cytte Relatively smallR values result in an approximate power-law
scaling for small and moderate events, and an exponentiat tawards larger events (a and b). Larger weak-
ening rates produce distributions that are dominated yelaizes, with an increasing gap in medium size
seismicity for increasingi. The transition between these commonly referred to GutgrB&hter (GR) and
characteristic earthquake (CE) statistics occurs arduirdl. The tendency to produce delocalized events asso-
ciated with larger rates leads to successively larger maximvent sizes, a lower productivity (number of events

per unit time), and an increase in the slope of the approxiippbwer-law scaling small event population.
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Figure4. Overview of the observed response types as a function oftée fiynamic variables sliding level and
weakening ratefs and R, respectively. Circles and plus signs represent GR and &stats, respectively, and
the symbol size represents the qualitative ‘match’ to thalsels. Large circles denote approximate power-law
scaling for small and moderate events and an exponential faplarger events (Fig. 3a). Statistics associated
with smaller circles show a steeper slope and a less prorduexponential tail. Large plus signs stand for
distributions that are dominated by very large event sizéh, a significant gap in medium size seismicity. For
smaller plus signs the gap and the maximum event size becemmadker (Fig. 3d). Labels ‘a’ to ‘d’ correspond
to Figures 3(a) to (d). The strongest sensitivity in the esysbehavior is associated with changeskinFor

R < 1, the maximumyf,; = 0.8 considered here is not reached during unstable slip of avidhdl block, which

explains the constant circle size fr< 1.
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Figure 5. Temporal evolution of the (scaled) average energy (afteryesingle event) and energy fluctuations,
(a) E4: (Eq. 4) and (bY E4: (Eqg. 5), respectively, for systems with = 0.5 andR = 2 in Figures 3(a) and (d)
and 4(a) and (c). The black lines show data after each evéilg the blue and red lines show values averaged
over time windows of lengthlt = 0.1¢* anddt = 0.5¢* and overlapit/2, respectively. In the smalk case

the energy level close to unity implies a relatively smalkase of stored energy (Fig. 2a), and tiny fluctuations
indicate a high degree of synchronization. Note that thestions for R = 0.5 in (a) and (b) appear as a
straight line. The large? system exhibits largelt;; amplitudes around a lower mean level, associated with the
efficient energy release of large events. Consequentlyethdting block configurations are less synchronized

and exhibit higher energy fluctuatiotg’y; .
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Figure 6. Representation of system dynamics in g (mean energy) vsiE,; (energy fluctuations) plane.
Data are averaged over two different time windows of lenfite= 0.1¢* anddt = 0.5¢*. The colored circles
correspond to results faft = 0.5t*, using different values oR. The polygons indicate the envelope of data
points fordt = 0.1¢*. Similar to Figure 5, a successive increaselofeduces the scatter and tends to confine

the data around the long term temporal average (black s)rcle
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Figure 7. Graphical representation of the evolution functions repnéing weakening (Eg. 1) and healing (Eq.
2), obtained from interpretations of laboratory experitsdsy Wang & Scholz (1994) and Nakatani & Scholz
(2004, 2006), respectively. (a) Slip induced weakening &, depending ok, andk,. The scaling parameters

of Equation 1,9 and A, have been chosen appropriately to chaRgeom 0.5 to 2 (cf. Fig. 4) over the sliding
distanceAu = Dy, i.e.,ARY

v« = 1.5. (b) Magnification of (a) for small offsets. (c) Changedims a function
of hold time,t;,, for different combinations of the healing paraméieand the cutoff timet... (d) Illustration of

Equation 9, withR'* = 2 andAR* as in (c).
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Figure 8. Temporally averaged values éf; andé FE4;, with dt = 0.1¢t* (dashed) andt = 0.5¢* (solid), from
simulations with variable values of the healing parametard:.. The weakening parameters are held constant,

using the values that correspond to the black line in Figé(asand (b).
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Figure 9. Representation of the data shown in Figure 8 infhevs.dE4 plane. (a) & (b) Small open circles
denote the transient effects after the feedbacks startepeiate. The four grey circles correspond to the stable
mean values of the systems with fixed properties discusseijure 6. Heredt = 0.5t*. (c) & (d) Data from
(b),b = 0.02, t. = 10* sec. (c) Data averaged over three different time windals; 0.1t*, dt = 0.5t*, and

dt = t*. (d) Light grey dots show data for all times, while progreeki darker circles illustrate the temporal
evolution for20t* < t < 30t* (Fig. 8b, black). A5 t*-period of motion towards more strengthening behavior is

subsequently reversed.
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Figure 10. Evolution of temporal seismicity patterns for three systemith b = 0.02 discussed in Figure
8(b). Shown are the frequency-size distributions of fivessmuitive subcatalogs containing seismicity from two
loading cycles 4t*), covering the period betwedn= 5¢* andt = 15t*. The inset in (a) displays the (non)
evolution of the frequency size distribution for modelshwiiked R (Fig. 3). Successively darker shades of grey
indicate later time periods. The fluctuations suggest thaapolations based on previous system dynamics

possibly under or over estimate future earthquake occogren



