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1 Introduction

Earthquake are probably one of the most obvious manifestion of complexity in earth
sciences; and are taken by many earth and physical scientists as a paradigm for the spon-
taneous developement of complexity in a natural system driven by an external source of
energy (the external source being plate tectonics). Papers in physical journals containing
the word earthquake are almost as frequent as those in earth science.

Yet this complexity is not obvious to many earth scientists: A large segment of our
research community still looks for regularity, repeatability, characteristic earthquakes, etc
in seismic records and in seismotectonics. The most obvious example of this approach
to earthquake research is the Parkfield Project where a limited time series was projected
into the future in order to predict the next event in the series. Many evidences that
the previous Parkfield earthquakes were actually not very regular nor very similar were
“filtered” out. It is clear now that this naive naturalistic approach has little chances of
succes. Or does it?

On the other extreme of the research spectrum, a group of earth scientists recently
declared in papers and notes published in the best science journals that earthquakes are
an example of a conceptual model called self-organized criticality (SOC) and that they
are intrinsically unpredictable. Never mind that SOC is only “observed” in numerical
experiments done in computers, the only system where no length or time scales interfere
with SOC. Although SOC is an interesting and provocative idea, its elevation to paradigm
of earthquake occurrence requires a major research effort that the authors did not really
do.

Where do seismologists stand? It seems to me that most earthquake seismologists have
taken a distance with these arguments and continue to work in their usual wave business,
oblivious to the controversies. This leaves the field open to all sort of speculations, naive
computer models and serious conceptual mistakes regarding the origin of seismic energy.
Is this the right attitude to take? I believe that both extreme approaches, the dogged
search for regularity and the imposition of the SOC dogma have serious pitfalls. I also
firmly believe that seismologists must confront the challenge of understanding earthquakes
in their full multidisciplinary spectrum.

In this notes I will discuss the evidence drawing from different sources that I do not
have the time to refer properly. T'hope authors will forgive this “légéreté”.
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These notes contain three parts:
e Evidences for Earthquake Complexity

— Time and space variability of seismicity. Is Gutenberg Richter a universal
feature of earthquakes or does it fail for a isolated faults? This is without doubt
the most important argument by partisans of the SOC model of seismicity.

— Are small and large earthquakes different or is this just a problem of catalog
completeness? Recent observations by Wesnousky and others of Gutenberg-
Richter distribution for isolated faults seem to indicate that large earthquakes
may be different from smaller ones.

- Slip and stress fields inverted from near and far-field observations as well as
geodetic motions are very heterogenous at all scales.

e From the simplest toy-models to realistic 2D fault models

— A study of the Burridge Knopoff (BK) toy-model and the current status of
knowledge about this system. New notes and a review of work by Carlson,
Langer, Shaw, Schmittbuhl and Vilotte.

— A study of a simple 2D crack model and its agreement with the BK model.
Reprint of paper in the Proceedings of the National Academy of Sciences by
Cochard and Madariaga

e Towards realistic earthquake models. Seismic rupture propagation in a
3 dimensional earthquake model

— A study of rupture propagation in a simplified model of the Landers earthquake
in the mojave desert that ocurred on July 28, 1992. Starting from results
obtained by Wald and Heaton (1994) we made a fully dynamic model of this
event. Introductory Notes plus a Reprint of paper by Olsen, Madariaga and
Archuleta published in Science.

Evidences for Earthquake Complexity

This part is presented in the form of copies of transparencies annotated to draw attention
to certain points. I apologize for not doing this properly but scanners are not my strength.
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3  From the simplest toy-models to realistic 2D fault models

The simplest slider-and-spring toy-models

The simplest model of an earthquake-like phenomenon that one can imagine is the block
and spring model used by Brace, Byerlee, Burridge and Knopoff to illustrate stick slip, the
esential non-linear property of friction that is believed to be at the base of the earthquake
instability. Two esential hypotheses:

First, why friction? Although not every body agrees with this point of view, [ strongly
believe that all tectonic earthquakes are due to slip on preexisting faults. Almost no new
fractures are produced by earthquakes simply because the energy required to make fresh
fractures is much higher than what it takes to produce slip on a fauit. In this notes we
will not discuss alternative earthquake models based on statistical mechanics of phase
transformations because I do not understand their foundation in observations. The failure
of prexisting faults is entirely controlled by friction and geometry. In the continental
interiors faults are short and discontinuous (some say inmature), they produce only small
earthquakes. Here geometry controls the earthquakes. On plate boundaries or major
intracontinental tectonic features like the Altyn Tagh fault in Western China or the Gulf
of Corynth, faults form a relatively flat network of closely connected subfaults that work
as more or less continuous system. In this case friction, understood in the general sense
as resistance to slip, is the dominating feature. Of course on large plate boundary faults
earthquakes are also segmented and the role of geometry is important; but it seems to me
that in order to understand large earthquakes we have first to put the accent on friction.

Second, what instability? Earthquakes occur on a time scale that is extremely short
compared to all relevant geological time scales, even those related to tidal loads. Aki and
Brune showed 30 years ago that all earthquakes are similar and a single time scale, size
divided by wave speed, characterizes all natural earthquakes. This time scale is not that
of a fundamenta) physical property of friction but that of wave propagation. Thus we
must have at the heart of the earthquake process a loss of traction across the fault that
the elastodynamic forces can only restore on the time scale of wave propagation around
the fault.

The instability of friction can be illustrated very easily with the simple model of a
block of mass M driven by a spring of stiffness k. The driver moves at a costant speed vg
so that the spring excerts a linearly increasing force f = kugt on the block. Displacement
u of the block is resisted by friction o{u). In general o must be a complex function of
displacement, speed of the block and some additional “internal” variables like temperature,
time of contact, etc.

For simplicity let us consider the simplest case of a classical Coulombian friction that

5ays
u = 0 for f <os
g = 04 for uw>0 (1)
= 0 assoonafter <0

As long as the force excerted by the spring is less than oy, the block does not move,
uw = 0 and f increases. Once f overcomes the threshhold o, (the “static” friction) slip
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Figure 1: Simple one degree of freedom oscillator, probably the simplest conceivable model of an
earthquake like system. At the bottom the Coulomb friciton law
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Figure 2: Simple one degree of freedom oscillator. Stress (top) and slip rate (bottom)
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starts and friction drop instantly to o4, the kinematic friction. From that moment on
the movement of the slider is controlled by Newton's equation of motion

Mi = —ku+ AcH(2) (2)

with initial conditions v = 0.4 = 0. Ao = 0, — g4 is the “stress drop” that acts as the
driving force for the system. Equation 2 is a harmonic oscillator of natural frequency
wo = Vk/M, driven by the stress drop Ag. The oscillations are arrested (the interface
heals) instantaneously when the velocity i crosses zero. The solution is very simple: For
i< 27!'/&.?0

u(t) = %cg[l — cos(wot)]
u(t) = %wg sin{wot), (3)
while for t > 27 fwg
u(t) = 2%;
w(it) = 0 (4)

Let us remark the factor of 2 in front of the final slip. This is the overshoot a charca-
teristic of block-and-spring slider. The overshoot occurs because the slider model does
not dissipate energy, so that at the end of the slip process the spring is in a state of ten-
sion. In crack models overshoot is small because the radiation of elastic waves damps the
movement on the fault.

The solution is easier to understand looking at figures 5 and 3. After slip arrest the
process starts all over again, the continuous motion of the loader produces an incresing
force f on the block that yields again once the force overcomes the static friction, and so
on. We observe that the block motion is episodic. The name stick-slip comes from here:
stick when the block is not moing, slip when it rapidly jumps ahead driven by stress drop.

Now that we have finished this section, why did I call this is a toy-model? Although
phenomenologically this model acts like somewhat like earthquakes, the similarity is only
vague:

1. Earthquakes radiate seismic waves and our toy model does not! If a sudden jump
in the earth were not to produce elastic waves we would never notice it and nobody
would call this an earthquake.

2. More subtle, slip events in the block model are driven by an external force, while
in the earth there is no external driver. The driving force is slow creeping motion
bellow the seismogenic zone as was proposed by Reid in his elastic rebound model
of the 1906 San Francisco earthquake.

3. Finally, at the origin of recent controversies, earthquake have sizes determined by
the length scale of the seismogenic zone or the the fault size. Our toy model is a
zeroth-dimensional object. [t has NO LENGTH SCALE, therefore no moment.
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Figure 3: Slip as a function of time for the simple one degree of freedom oscillator.

We will try to improve on this models, making them increasingly realistic. In the process
we will loose the simplicity of the harmonic oscillator and we will be forced to do numerical
simulations. What we learn from these simple models will guide our way through these
more agitated waters.

Improvements on the single slider model

One of the main problems with the single slider is that the simple two-state Coulomb
“friction law” is very unphysical. Numerous improvements have appeared in the litterature
but I can not review all of them here. I will discuss briefly two:

Slip weakening friction

The Coulombian friction law with a sudden jump from static to dynamic friction is un-
nacceptable because no energy is spent in reducing friction. No matter what friction law
we use, energy dissipation requires the introduction of a finite length scale that I will call
the slip weakening distance (Dp), a minimum slip distance for friction to drop from o,
to 04. This process of weakening of the contact betwen the block and the substratum
dissipates a finite amount of energy that we call G which is of the order of the stress drop
by the slip weakening distance, i.e. G = Aadp. Although the details of the slip weakening
process are very important, it is the introduction of the intrinsic length scale that is the
most essential change in the physics.

Understanding the need for an intrinsic length scale in the simple oscillator is a very
fundamental physical notion: energy being the product of a force by a distance, this
distance must be found either in the oscillator or in the fricion law. As we saw earlier
there is no intrinsic length scale in the simple oscillator, so that the distance for finite
energy dissipation must come from the friction law.
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Figure 4: Simple one degree of freedom oscillator, probably the simplest conceivable model of an
earthquake like system. At the bottom the Slip weakening friction law

For the sake of illustration we have introduced a simple linear slip weakening model
that was first studied by Ida and Aki (1972):

u = 0 for f<os

c = 05— Ao;- for d0>u>0 (3)
0

6 = Op for u > do

= 0 for >0

The solution to this problem can be found numerically (analytical solutions probbaly
exist but I did not find them).

It is clear that the slip weakening process only acts at the beginning of the slip episodes,
smoothing the relaxation of stress. The essential features of the simple slider model remain
the same and I will not discuss thm any further. The slip wekening process is actually
very important in order to regularize the friction law in the Burridge and Knopoff model
when several harmonic oscillators are coupled together by coil springs.

Laboratory based Sliprate and State dependent friction

A major effort to understand friction was started by Dieterich and coworkers in the late
70s. These studies form the basis of current knowledge about fault creep, healing, aging,
contact cimentation, etc. Although I will attract the ires of many colleagues, I do not
think that these models change the basic phenomenoclogy of the dynamic oscillations
in the stick slip process. This is logical: the friction laws of Dieterich-Ruina and Ruina-
Dieterich are Jow speed quasi-static friction laws; when the slider is moving fast, state
remains frozen, inertial forces dominate the slider so that it acts again as a harmonic
oscillator driven by stress drop. The friction law is important because it determines the
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Figure 5: Simple one degree of freedom oscillator. Stress (top) and slip rate (bottom)



stress drop. These results are already present in a seldom cited paper by Gu and Wong
(1992) and are briefly improved here and in a forthcoming paper by Lavallée and myself.

(a) M
Friction
Friction it
Creep ———— j{ — Oscillation

{b)

. L log speed

Yo % Vo

Figure 6: Simple one degree of freedom oscillator. The top (a} shows the oscillator. The bottom
shows the dependence of steady state friction on the velocity of the block. In the velocity domain

we distinguish two domains: a slow or creep zone when velocities are low with respect to non-
dimensional frequency wo and a fast oscillatory domain in which v is of the order of wo.

For simplicity I will consider only one of Dieterich Ruina law. The equation of motion
for the block-and-spring model is

6 = -v/L(6+ Blogu/uvg)
Mi = ~ku+Ac(8,v) (6)

where 8, u, v are the state variable, the displacement (relative to the motion of the pulling
spring) and the velocity of the slider, respectively. t is time and stress drop is given by

Ag(f.v) =00 —0=-6— Alogv/ry (7)

where og is the reference traction when the oscillator is moving at constant speed vg. As
usual gy does not enter in the equation of motion.
Finally, when the slider moves at a constant velocity v, steady state stress and state
are given by
8s:(v) = —Blogv/vg
rs(v) = —(B - A)loguv/uo (8)

The steady state friction is shown schematically in Figure 6b.
The parameters of the Ruina-Dieterich friction law are

10
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e A, B The two coefficients that measure stress sesitivity to logv
e [ The relaxation length of the state variable.
e vy The reference creep velocity at which the slider moves when unperturbed.

Ruina, Rice, Gu etc considered solutions of equations 6 around the steady state solu-
tion. Tse and Rice and Gu and Wong have gone well beyond the perturbative solutions.

The most important feature of equations 6 is that they contain two widely different
time scales. A slow time scale L/vg that controls slow creeping motion of the block, and
a fast time scale, the period of the oscillator T = 27 /wg, where wp = \/k/M is its natural
frequency.

A numerical example

As a tvpical example of the motion of the Ruina-Dieterich oscillator I solved the system
6 following set of parameters:

(B — A)/A 0.25
kL/A 0.20 (9)
g = 1012U0/L

I

For this example the ratio between the fast and slow time scales is 1012 a very large number

indeed.
The result is shown in Figure 7 as trajectories of the oscillator in the (logv, 8, 7) phase
space.

11
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Figure 8: Variation of Stress with displacement in the BK model

Slip weakening in the Ruina-Dieterich model

Although frequently the Ruina-Dieterich friction law is presented as being fundamen-
tally different from traditional slip-weakening models of rupture resistance as proposed by
1da(1972), it actually is a combination of a creep law at low speeds and a slip weakening
model at high speeds. This is clearly shown in Figure 10 where we plot stress as a function
of slip. Two regimes are clearly seen. The most important for earthquake dynamics is the
high speed regime which corresponds to the flat stress zone at the center of the figure. To
a very good approximation, stress drop measured as in Figure 10 is

Aoy = (B - A)log{woL/vo)
The straight diagonal line seen across the figure is the stress vs. spring force relation
o = k(u — vot)
Point 2 is the intersection of the dynamic friction with this relaxion line and defines a slip

of
B-4

log(woL /vo)

which characterizes the maximum slip of the oscillator.

After a period of slip-rate weakening due to creep, the fast regime starts near slip equal
0. At this point indicated by 1 in Figure 10, the slope of the stress-slip curve is very close
to —. Slip weakening occurs over a distance of roughly dp = 5L

To sum up, at high speeds the Ruina-Dieterich friction model behaves just like the
slip-weakening model (5) in which the slip weakening distance and stress drop are

iy =

12



Ao = (B e -1) ;Og(;doL/Uo) (10)

As expected, the Ruina-Dieterich oscillator behaves differently from the slip-weakening
oscillator only at slow speeds, when creep effects are important.

A two slider model

In a second effort we demonstrate that slider models spontaneously produce complexity.
The model we study was proposed by Huang and Turcotte {1992) and has not been
thoroughly studied for general friction laws. I did not have time to do it so that I will
present their results qualitatively. The model consists in two identical masses connected
to a driver by springs of constant & and interactaing through longitudinal coild of stiffness
x. This is a two-block model of the famous Burridge and Knopoff model discussed in next
section. Obviously if the two blocks are identical and the friction law is the same these two
blocks act like a single block of mass 2M and stiffness 2k. The coil « is always relaxed.

Two-slider Toy Model

A Y A e A T T 7T T 77

friction friction

Figure 9: The two coupled harmonic oscillators studied by Huang and Turcotte (1992)

Without entering into the details of the solution largely explained by Turcotte in his
book on Fractals, we find that when & > k, the system becomes caotic. The reason is
simple, when & < k&, the oscillator can store energy in the coil spring. Thus between two
slip episodes in one or the other of the springs, some energy is stored in the coil springs.
This energy is used during the next slip episode to maintain the desorgnization of the
system.

13
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The Burridge and Knopoff model

Probably the best known of all toy models of seismicity is the mass and spring model
proposed by Knopoff and Burridge to study the seismicity of an extended fault. This
model is essentially a Jarge set of identical blok-and-spring oscillators of mass M driven
by leaf springs of stiffness £ and coupled by weaker coil springs of stiffness x. Huang and
Turcotte’s model referred to in the previous section is a minimal example of this model.
Assuming that friction can be written in the formal form o(u, ), Burridge and Knopoff
model satisfies the following system of equations:

Mu; = —ku; — s(ui—y — 2ui + wipq) + o(u, @) (11)

where u;(t) is the slip of mass element i. For a set of N oscillators this leads to N — 1
second order equation plus boundary conditions at the end of the system.

The Burridge-Knopoff Model

////”; - 7 7 7 7 7
friction

Figure 10: The Burridge and Knopoff earthquake model

Studies of the system 11 have been subject to a major controversy since Cao and Ak}
(1976) and Carison and Langer (1989) discovered that slip in this system may become
disorganized for certain friction laws. The main criticism was spelled by Rice (1993}
who found that for non-regularized friction laws like the Coulomb friction, or the rate-
weakening friction used by Carlson and Langer (1973) equations 11 lack a well defined
continuum Hmit, This is a very subtle argument that basically means that the BK model
is not the discrete version of a continuum mechanics model. The question is then would
a properly posed problem have the same behavior as Carlson and Langer found? Rice
studied a fault model for using the Ruina-Dieterich friction law described in the previous
section and found perfectly regular oscillations.

The question we have to answer is, was Rice studying the same problem as Carlson and
Langer (1939) or is his model intrinsically different because the Ruina-Dieterich friction
Jaw has very little rate dependence. The answer to this question is in fact contained in
our study of the single block. If we regularize the friction law by taking a finite slip

14



weakening length scale do. the model has a well defined continuum limit and still behaves
like Carlson and Langer proposed for length scales longer than a certain minimum fault
length. Thus it seems that the difference in the results from Carlson and Langer and Rice
comes from the different nature of the friction laws used by either authors. While Carlson
and Langer’s law has a strong slip rate dependence, Rice’s friction law is almost insensitive
to rate dependence. I am convinced that the difference between Rice’s results and Carlson
and Langer’s comes not from the lack of small scale cut-off but rather from a fundamental
difference in the behavior of friction at high slip rates. In order to get a physical feeling
for this we have to study the regularization of Carlson and Langer’s friction.

We can regularize Carlson and Langer model by the use of simple friction law that is
both slip and rate-weakening. As we saw earlier, slip-weakening introduces a characteristic
length scale do the slip weakening distance. Events for which slip does not reach the
slip-weakening limit do not develop into inertial oscillations or BK earthquakes. These
events represent creep in the system. When slip at some of the sliders overcomes the
slip-weakening limit, a freely slipping event (an “earthquake”) occurs. This event may or
may not grow into a Jarge event depending on the details of the state of stress before the
event. A fundamental change of behavior occurs when the event becomes larger than a
certain length scale initially identified by Carlson and Langer and studied more precisely
by Schittbuhl and Vilotte. It turns out that for regular friction laws with finite fracture
energy dissipation, the BK model has not just one but TWO length scales: dp the small
scale cut-off, and a second, longer length scale L = kdg/x. The latter separates two
regimes of rupture: ruptures that are smaller than L, represent small events that tend
to smooth the slip distribution and occur as foreshock or aftershocks of the main events
which have rupture lengths longer than L. These macro-events tend to create complexity
in the system because they leave the sliders slightly out of their equilibrium position. As
shown by Shaw, Langer, Carlson, Vilotte and Schmittbuhl the macro-events load the coil
springs favoring heterogeneity, while the small events mainly act to reduce the load in the
coils. There are thus two fundamentally different regimes in this model due to the presence
of the two independent length scales. For the large events to generate heterogeneity it is
necessary that the friction law has a mechanism to arrest slip spontaneously before the
stress is completelv relaxed. For this reason it is now known that complexity in perfectly
homogeneous B models does only develop for certain friction laws with rate weakening.
It is unfortunate that the understanding of this problem took such a long time.

It must be stressed that this discussion was extremely technical, because a perfectly
homogeneous BK model is such a particular object. Had we allowed for lateral variations
of rupture resistance or other properties of the springs or masses, the system would have
become completely chaotic as already seen for the very simple two-slider model of Huang
and Turcotte.

The figures show solutions and examples of complexity.

3.0.1 Conclusion from spring-and-slider models

In conclusion, it appears to me that it is obvious that BK-type earthquake models generate
complex earthquake series for a large class of friction laws. The onset of complexity is fa-
vored by early healing of slip. variable friction properties along the fault. If certain models

13



lack complexity, they are probably inadequate. As shown by Shaw, Langer, Schmittbuhl
and Vilotte for the BK model and Cochard and Madariaga for a shear fault, rate weak-
ening produces spontaneous heterogeneity. The mechanism is simple: rate weakening
promotes premature healing of the fault by an instability clearly identified by Cochard
and Madariaga. Rupture propagate in the form of narrow pulses called nowadays Heaton
pulses but which were actually introduced in seismology by Haskell.

Strictly slip weakening friction models or weakly rate dependent ones like the Ruina
Dieterich friction law, do not become unstable at slow slip rate, therefore they do not
produce premature healing and they favor complete unloading of faults. If a fault is
completely relaxed after an earthquake there is no way to produce complexity because the
load is applied homogeneously to all the sliders. In this case complexity may be easily
generated by differences in frictional properties along the fault.

This discussion is very fastidious: it is obvious to any seismologist familiar with slip
distributions, seismic radiation and seismicity that earthquakes are very complex. So why
all his fuss? I think that the reason is that we are the dawn of the first realistic models of
rupture in the earth and the challenge is right there in front of us. We have the computer
power to study these models, the main hurdle is the friction law. Is a simple friction law
enough (I believe so and so do Shaw, Carlson, Langer and others) or do we have to include
all the gory details of actual friction as insists Rice? Do we have to run fault models that
combine creep and fast oscillations as in the single slider toy-models, or can we separate
the fast and low regimes in the numerical simulations? I am sure that these question will
not remain unanswered very long.
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4  Towards realistic earthquake models

In this section we study in some detail the modeling of ruptre in a very simple infinite linear
elastic medium that contains a lecalized mature fault. Although this is not necessary, we
assume fo simplicity that the fault is a single planar surface completely embedded inside
the elasic medium. This problem has no exact solutions except for the so-called self-similar
circular fault studied by I{ostrov in his classical papers of 1964-1973.

We study numerical solutions of the 3D elastic wave equation:

62
pwuzv‘d (12)

where u(x,t) is the displacement vector field, a function of both position x and time ¢,
and p(x) is the density of the elastic medium. Associated with the displacement field u
we have the stress tensor o(x,t) defined by

g=AV-ul+yu {(Vu) + (Vu)T] . (13)

where A(x) and u(x) are Lamé’s elastic constants. We can transform this system into
a more symmetric velocity-stress formulation (Madariaga, 1976; Virieux and Madariaga,
1982; Virieux, 1986):

p%v = Va+f
%g = Av-vI+p[(\7v)+(Vv)T]+1h, (14)

where v(x, 1) is the particle velocity vector; and f(x) and m(x) are the force and moment
source distributions, respectively.

Slip Boundary Conditions on the Fault

For simplicity and due to present limitations of the numerical method, we assume that
the fault is a flat horizontal plane perpendicular to the z-axis in the elastic medium. Due
to frictional instability a rupture zone can spread along the fault: let T'(¢) be this rupture
zone at time t. The kinematic inversion studies cited in the introduction show that I'(t)
will usually be a collection of one or more rupture zones propagating along the fault.

The main feature of a seismic rupture is that, at any point x inside the rupture zone
T'(t), displacement and particle velocities are discontinuous. Let

D(x.t) = ut(x¥ 1) - u" (x7,1) (15)

be the slip vector across the fault, i.e. the jump in displacement between the positive and
the negative side of the fault. The notation x* indicates a point immediately above or
below the fault. and u* are the corresponding displacements. In the following we assume
that shear faults do not open up because of the strong normal stress component, i.e., slip
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has onlv two components different from zero {i.e. D = [Dy, D,,0] }, but this restriction
could be easily removed.

Slip is associated through the solution of the wave equation {14) to a change in the
traction T = 0 - e, = [0z, 0y, 02;) across the fauit:

AT(x,t) = AX[D] for x&UI(t), (16)

where AZ[D] is a complex singular functional of D and its time and space derivatives.
The operator AT has to be computed explicitly in the BIE methods (see, e.g., Geubelle
and Rice, 1995; Fukuyama and Madariaga, 1995, 1997), but not in FD since in this case
AT is obtained numerically. In fact, all we need is a numerical procedure that computes
the stress change AT given the slip D distribution at earlier times. The boundary condi-
tion in (16) imposes no a priori conditions on the signs of neither AT nor D, except that
there should be no interpenetration of matter.

Friction Laws

The main assumption in seismic source dynamics is that traction across the fault is related
to slip at the same point through a friction law that for our purposes can be expressed in

the functional form .
T(D,D,6) = Teoww  for  x € T(2). (17)

Friction T is a function of at least slip, but an increasing amount of experimental evidence
shows that it is also a function of slip rate D and several state variables denoted by
8;.i = 1..N. For more details see Dieterich (1978, 1979), Rice and Ruina (1983), but see
also Ohnaka (1996) for an alternative point of view.

The traction that appears in friction laws is the total traction Tiotal on the fault which
can be expressed as the sum of a preexisting field stress T?(x) and the stress change AT
due to slip on the fault obtained from (16). The pre-stress is caused by tectonic load
of the fault and will usuallv be a combination of purely tectonic loads due to internal
plate deformation, plate motion etc, and the residual stress field remaining from previous
seismic events on the fault and its vicinity. In the rest of this paper we assume that the
preexisting stress is known.

Using (16) we can now explicitly formulate the friction law on the fault (17):

T(D,D.8) = T%x) + AT{x,t)  for xe€T{t). (18)

Friction as defined by (18) is clearly a vector. For the appropriate study of a shear fault we
need to write (18) as a system of two equations. In spite of the importance of friction for
earthquake dynamics it has rarely been studied for a fault that extends in two dimensions
inside a 3D elastic medium. Here, following earlier work by Archuleta and Day (1990),
Day (1982) and Spudich (1992) we choose to use a very simple approach that will certainly
have to be refined in the future. assuming that slip rate and traction are anti-parallel, i.e.,

T(D.D.#§;) = -T(D. D, 8)ev, (19)
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where ey = D/||D|| is a unit vector in the direction of instantaneous slip rate. With this
assumption, the boundary condition reduces (18) to the special form

—T(D,D.8)ey = T%x) + AT(x,t) for x€T(t). (20)

Figure 77 (left) shows the vector diagram implied by this equation. The only fixed vector
in this diagram is the prestress that is known. Friction and slip rate are collinear but
anti-parallel. Stress change AT is in general neither collinear with pre-stress nor with
friction. We know of no other condition that can be applied to this diagram. Dissipation is
insured by the anti-parallelism of friction and slip rate. In order to compare with previous
results we also implemented a simpler version of friction that we call the “scalar boundary
condition”. We assume that slip is only allowed in the direction of the initial stress which
is everywhere parallel to the z-axis, i.e., T°(x) = [T2(x),0] and D(x,t) = [D(x,1),0],

AT (x,)n=T(D,D,8;) - T%(x) for x€T(t) (21)

This boundary condition, that may be graphically described as if the fault had “rails”
aligned in the z direction, has been applied in most 3D source models starting with
Madariaga (1976).

Both boundary conditions (20) and (21) require a friction law that relates scalar trac-
tion T to slip, its derivatives and possible state variables. Although any realistic friction
Jaw can be implemented with our method, in our study of the Landers earthquake of
June 28, 1992 we used what we consider to be the simplest realistic friction law: the slip
weakening model that we used earlier with the block-nd-spring slider (see, eq 5). In this
friction law, slip is zero until the total stress reaches a peak value (yield stress) that we
denote with T,. Once this stress has been reached, slip D starts to increase from zero and
T'(D) decreases linearly to zero as slip increases:

D)y = T, (1 - I%) for D < Dy

T(D) = 0 for D> Dg, (22)

where Dg is a characteristic slip distance. The notation in this example is somewhat
different from that in (5). But the analogy would be clearer if we noticed that Ag =T,
and that o4 = 0in (22). This friction law has been used in numerical simulations of rupture
by Andrews (1976), Day (1982b}. Harris and Day (1993) and many others. Slip weakening
at small slip is absolutely necessary for the friction law to be realizable, otherwise stress
o. becomes infinite at the rupture front, so that seismic ruptures would spread at either
S, Rayleigh or P wave velocities until they stop. Of course, in numerical implementations
stress is never infinite so that rupture velocity is numerically limited. This is the so-called
Irwin criterion described by Das and Aki (1977) and used by many authors since their
publication. In our simulations we want to avoid numerical control of the rupture front
by all means, so that we have studied in detail the values of Dp that render the numerical
method independent of grid size.”

It is well known that the slip-weakening friction model is an oversimplification of
actual friction laws. As shown by Dieterich (1978, 1979), Rice and Ruina {1983) and
Ruina (1983} a realistic friction law should incorporate slip rate sensitivity and aging as a
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minimum. A friction law that has all these characteristics is the Ruina-Dieterich friction
law already discussed with the single degree of freedom oscillator. Although it is possible
to use their friction laws in our numerical computations, this would require the integration
of additional equations for the state variables and the cot would increase enormously. It
is my firm belief (not necessarily shared by other authors) that

Dimensional Analysis

In all our simulations we used non-dimensional variables. This has the advantage of clearly
showing how different variables scale with stresses and distances. We choose the following
dimensional variables:

e Distances along the fault are measured in units of Az, the grid interval.
e Wave velocities are measured in units of 3, the shear wave velocity.

e Stress is measured in units of Ty, the peak frictional resistance (yield stress) in the
the friction laws described in (22) and (77).

All other dimensions are determined by the previous three. In particular

e Time is measured in units of At = HAz/j3 where 3 is the shear wave velocity. H
is the so-called CFL (Courant-Friedrich-Lewy) parameter that controls stability of
the numerical method. In our simulations it was usually taken as 0.25 in order to
insure stability and good accuracy.

e Displacement is measured in units of T, /u x Az.

e Particle velocities are measured in units of To,/u X 5.

Slip and slip rate are normalized by 27, /¢ X Az and 2T, /u x 3. The factor of 2 is not
really necessary, but we decided to follow a tradition in seismological publications. We also
assume in the numerical computations that the P-wave velocity a is equal to V34, Finally,
Dy, the slip weakening distance in (22) is measured in units of slip (i.e. 2T, /4 x Ax), and
Vo, the rate weakening parameter, is measured in units of slip rate (i.e., 20,1 x 3).

It is important to remark that we used the more traditional choice Az, the grid interval,
as unit of length. We preferred Az to a physical length such as the slip-weakening distance
Dy as unit of displacement since, as discussed below, the relation between Dy and distances
along the fault is dependent on load and rupture history.

Scaling of Rupture with the Slip-Weakening Distance Dq

An essential requirement for an accurate numerical method is that the numerical solution
becomes independent of grid size beyond the use of a certain number of grid points per
wavelength. In our problem the shortest physical distances are the radius of the asperity
R and the width of the rupture front. The latter depends on the slip-weakening distance
Do as shown by Ida {1972) and Andrews (1976). For 2D faults and for the slip weakening
law (22) this width, L., is

du Ty

c = 37 0
37rTez't

L

(23)
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We have assumed as in (22) that the residual friction at high slip rates is 7y = 0. This
expression is valid for a constant stress level T, ., outside the asperity. For a stress distribu-
tion that scales only with the size of the grid, the fault scales with Dy. However, it would
be convenient to scale our numerical computations by L. instead of Dg, but unfortunately
(23) depends on the load through the initial stress field T,z If this external stress varies
spatially, the denominator has to be replaced by a complex expression that contains the
stress intensity. Furthermore, (23) is only valid asymptotically, when the crack tip is very
sharp. For these reasons we decided to use Az and not Dy as length scale in our numerical
simulations.
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Dynamic friction and the origin of the complexity of
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ABSTRACT We study a simple antiplane fault of finite
length embedded in a homogeneous isotropic elastic solid to
understand the origin of seismic source heterogeneity in the
presence of nonlinear rate- and state-dependent friction. All
the mechanical properties of the medium and friction are
assumed homogeneous. Friction includes a characteristic
length that is longer than the grid size so that our models have
a well-defined continuum limit, Starting from a heteroge-
neous initial stress distribution, we apply a slowly increasing
uniform stress load far from the fault and we simulate the
seismicity for a few 1000 events. The style of seismicity
produced by this model is determined by a control parameter
associated with the degree of rate dependence of friction. For
classical friction models with rate-independent friction, no
complexity appears and seismicity is perfectly periedic. For
weakly rate-dependent friction, large ruptures are still peri-
cdic, but smalil seismicity becomes increasingly nonstationary.
VWhen friction is highly rate-dependent, seismicity becomes
nonperiodic and ruptures of all sizes occur inside the fault.
Highly rate-dependent friction destabilizes the healing pro-
cess produecing premature healing of slip and partial stress
drop. Partial stress drop produces large variations in the state
of stress that in turn produce earthquakes of different sizes.
Similar results have been found by other avthors using the
Burridge and Knopoff model. We conjecture that all models
in which static stress drop is only a fraction of the dynamic
stress drop produce stress heterogeneity.

A fundumental problem for understanding seismicity and the
nature of large earthquakes is the origin of stress and slhip
complexity on seismic faults. Although seismicity has been
carefully studied. the dynamics of the observed complexity of
seismic sources is poorly understood although it is generally
considered 1o be mainly due to fault segmentation. Initial work
on seismic source dynamics (1-3) was derived from models of
mode 1 fracture, In mode 1. residual siress after opening a
crack is obviously zero. This assumption had the virtue of
simplifying the solution of the crack problems und allowed us
to calculate radiation (4) and compare it with empirical models
of radiation (3). At the end of the 1970s, the first models of
complexity (asperities and barriers) were proposed but their
relation to seismicity was not explored (6-8}. A fundumental
question that was left unanswered in these models was how do
asperities arise on a fault Joaded by very slow tectonic forces?
According 1o current models. asperities are due o preseismic
slip and foreshocks that concentrate siresses on Jocked areas of
the fault; so that it is not enough to consider individual evenis,
but the complete seismicity of the fault before a lurge event has

The publication costs of this amicle were defrined 1 part by page charge
payment. Fhis article must thereforg be herey marked “wdvertisement” in
acvordance with 18 U5.CO§1734 solely 1o indicate this fusct.
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to be studied in detail. To do this we have 10 specify the state
of stress before and after an earthquake. In most of the
previous work on earthquake dynamics as reviewed by Kostrov
and Das (9), it was invariably assumed that residual stress afier
any event was uniform and equal to zero. This is very unlikely
as we have attempted to show in our recent work (10, 11).

The question of the origin of complexity was posed from a
completely different point of view by research on self-
organized criticality (12), and on the artificial seismicity of the
box and spring model of Burridge and Knopoff (13-18). These
studies suggested that stress and slip would become sponta-
neously heterogeneous because of nonlinear instabilities in the
mechanical model of a frictional fault, These results Jed 10 an
interesting controversy because quasi-static models studied by
Rice using the experimentally derived friction laws by Diet-
erich (19, 20) und Ruina (21) did not give rise to any significant
heterogeneity. Rice and coworkers (22, 23) suggested that
heterogeneity may be due to the lack of a continuum limit of
some of these models.

Without waiting for the clarification of nature of heteroge-
neity of problems for the Burridge and Knopoff models, we
started a study of a simple antiplane fault model (10, 11) where
the only change with respect to Kostrov's original formulation
(3) was that the friction law was assumed 1o be rate dependent.
as suggested by Carlson and Langer {14). In the present paper.
we present results for a simple fault with rate-dependent
friction that has been regularized at small scales by using a
slip-weakening zone (24). We will demonstrate that depending
on the value of a single parameter that measures the rate
dependence of friction. we either produce complexity or
suppress it. We are of course quite aware that our fault models
are very crude and lack many complexities of actual faults: vet
some of them have a lurge number of the features observed in
actual seismicity including slip and stress complexity, events of
many different sizes. variable recurrence times, elc.

Definition of the Model

Lct us consider. as in Fig. 1. a two-dimensional antiplane crack
of length 2L embedded in a lincar elastic medium of elastic
constant u and mass density p. The clastic medium is subject
10 a slowly increasing uniform shear stress vy {x. v 1) = T(1).
due to slow plate motion or intraplate deformation. As the
external stress. T.(¢). increases with ume, the frictional resis-
tance 1o slip between the walls of the fuult is eventually
overcome. and slip occurs. The amount of slip und the history
of slip on the fault depends on the nenlineur friction law that
redites shear stress trunsmitted across the fault 7{x, 0, 1), toslip
Dx, 0. 1), slip velocity F(x, 0, 1) = D(x. 0. 1), and possihly to
coerliin state variables (v, O, 1), The exnct niture of this

“Torwhom reprinis requests shoold be addressed.
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Non-knear friction
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Fic.1. Simple model of an antiplane fault in a homogeneous linear
clastic medium. The fault extends from —L to L and is clamped a1 the
ends by unbreakable barriers. The fault is driven by a slowly increasing
homogeneous shear stress field. The only possible source of hetero-
geneity in this problem is the nonlinear frictional interaction between
the walls of the {ault.

friction law will be discussed after we set up the elastodynami-
cal problem.

We have assumed antiplane slip, so that the only component
of displacement that we consider is ¥ = uy and the relevant
traction component across the fault is T = -0y Thus, u
satisfies the wave equation

o2

2

i~
@

1 8%
Brart T ax

=%
| &

Tt 3 (1]

(8]
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F4

where g is the shear wave speed. By using the symmetry about
the fault plane z = 0, we find the appropriate boundary
conditions for the solution of the problem in the upper
half-space (z > Q)

ulx,0%, 00 =0 on—=<x<—{{Nand N <x <= [2]

outside the slipping part of the fault delimited by {,(r) and £a(r).

T, 0*. =T )+ TD,V, 8 on =< < (-} 3]
inside the fault. T(D, V, 8) is the friction law. This problem is
then a typical crack problem with mixed boundary conditions,
which consists in finding the slip D(x. 0,1) = 2u(x. 07, 7) on
the fault.

In spite of the apparent simplicity of this crack problem. in
most cases it is intractable by analytical methods because of the
mixed boundary conditions (Egs. 2 and 3). As discussed (23).
finite differences are too inaccurate because of high frequency
dispersion. so that we adopted a boundary integral equation
method that we believe is the most appropriate for solving this
kind of crack problem (26, 27). The appropriate boundary
integral equation (10) is

T(D. V. 8) = T.(x) - % V+s. [4]

where § is the space-1ime convolution integral

i ' BT F
Stxoa) = o— Kig, 7)) — Aila — &1 — n)d&dr,
2 0t o ag

15}

with K{x. 1) = Vs = x*/B=/(xt)H{r — ['x\/8). The convolu-
tion over space has a Cauchy-like singularity at £ = x. The
convolution over time, on 1he other hand. is regular because
K{x.t) — 0 whenx — (. The details of the numerical method
used 10 solve this problem and its implementation in a CM35
paratlel computer have been discussed (10). Thus it is suffi-
cient 1o say that Eq. 4is u nonlincar algebraic equation for the
simultancous solution of 2, ¥, T, and 8.
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Let us remark that the fault is assumed 10 be clamped at the
ends by unbreakable barriers. This boundary condition is
different from the periodic conditions used by Carlson and
Langer (14). To apply periodic boundary conditions, we would
have 10 change the Green functions used to derive Eq. 4.

Friction Law

The nature of the solution of Eq. 4 is completely determined
by the friction law T(D, V, 6). Extensive work on rock friction
has been discussed by Dieterich (28} and does not need to be
repeated here. Experimental evidence (20, 21, 29) shows that
friction laws at low slip rates should at least include three
elements: (i) direct stress change for rapid increases in slip
velacity, (if) an intrinsic time constant for the response 10
abrupt changes in velocity, and (i) velocity weakening at
steady-stale slip.

At present we are unable to introduce such laws in our
numerical method because they were proposed for very low
values of slip velocity, so that the solution of the boundary
integral equation problem would have 1o take into account slip
rates varying over more than six orders of magnitude (i.e., from
wm/s for fault creep up to m/s for seismic slip). Since the time
step for the solution of Eq. 4 is controlied by the faster time
scales present in it, the slow evolution of the fault in the
interseismic period would have to be computed at the time
steps appropriate for the dynamic regime, which is several
orders of magnitude less than those that are actually needed.
Equations of this tvpe are called stiff and require special
techniques for their solution as shown by Tse and Rice (30) for
a spring-loaded massive slider. A possible method to increase
the time steps during the interseismic period would be 10
modify Eq. 4 at low speeds by using its quasi-static approxi-
mation as proposed by Perrin et al. (31), but we have not
implemented this option yet.

Because of the difficulties discussed in the previous para-
graph, we have used a simplified friction law. The most
sweeping assumption is that the fault is perfectly locked during
the inter-seismic period so that successive events can be
treated independently. In the Dieterich-Ruina rate- and state-
dependent laws, slip occurs at all times no matter how small the
1otal stress. In the period when the fault is locked, we assume
that there is no slip on the fault. so that stress increases steadily
during the continuous load T.(r). When the total stress on a
certain point of the fault reaches a threshold 7. slip begins and
we immediately switch to the dynamic equation (Eq. 4).

The particular friction law assumed in our computations is

nD,V,ey=T,1- D/Uy) for D < Uy

T(D,V.0) =0 for D> Ug and 6> 8, (6]

T(DV.8) =Tyl — 6/8) forD> Uy and 8 < 8,

1o which we add the following evolution equation for 6
—=-—(6-W), (7}

where D is slip measured from the beginning of the current slip
episode, @ is a state variable, and V is instantaneocus slip
velocity. At steady state, 8 is equal to the slip rate, so that 6
differs from slip tate ¥ only during fast rate changes. The
first-order evolution equation for 8 introduces a relaxation
time scale 7o and a corresponding refaxation length De = B
These are the small scale parameters needed to regularize the
fault model at small scales and avoid the intrinsic discreteness
of our previous models (10). The dependence of friction on slip
and steady-state slip rate (#) is better appreciuted in Fig. 2. As
JJip begins, there is a slip-weakening process thit simulates
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energy dissipation near the rupture front. %y contrals the
minimum size of a fault paich before it becomes unstable. As
shown by Dieterich (32) and Ohnaka (33). this is an observable
feature of realistic friction laws. In the state- and rate-dependent
laws, slip-weakening is produced by the direci change of stress due
to rapid increases in slip rate. Dynamic simulations of simple
crack models by Okubo (34) showed that rate- and state-
dependent laws behave in a very similar way 1o slip-weakening
models near the rupture front.

The other main feature of the friction law described in Fig.
2 is slip rale weakening at low slip rates. This is a more
controversial feature that has been included in the rate- and
state-dependent friction laws in the form of a logarithmic
decrease of friction with increasing velocity. In the present
study, we assume a lipearly decreasing dynamic friction as a
function of increasing steady-siate slip rate to simulate ihe
simpler frictional models used by Carlson and Langer (14).
They assumed that friction was a simple function of slip rate only:

TID,V,6) =T, for all V¥, [8]

0
Plo+ V
so that stress increased as the slip rate decreased. Rate
dependence may destabilize healing depending on the value of
T (11). For small T, the friction law is not very different
from the usual rate-independent friction. For large values of
T.p the destabilizing effect is more pronounced and sponta-
neous heterogeneity develops for large values of this parameter.

That friction decreases with slip rate seems to be a well
documented feature of many frictions including those of
Dieterich (19, 20) and Ruina (21). In these friction laws,
steady-state frictional stress is proportional to a logarithm of
steady-state slip rate of the form T (V) = —a log(Vy), so
that frictional stress decreases more mildly as a funetion of slip
rate than in the model of Carlson and Langer (14).

Fig. 2 also shows 1he trajectory of a point on the fault in the
slip-steady-s1ate-slip-rate space. As slip begins. stress slowly
decreases transferring load 1o neighboring points on the fault.
Simultaneously slip velocity increases rapidly because any
stress relaxation is injtially compensated by increases in slip
velocity. The time scale of this rapid velocity increase is
controtled by the relaxation time 7, and the slip-weakening
time U,/vr, where vy is the rupture front speed. In our
computations, these two time scales are of the same order as
they are also in the slip- and rate-dependent models. After this
brief time, the fault slips freely at high slip rates. Slip rate
becomes determinant for the fate of the fault onlvwhen the slip
rate is less than the threshold 17y (which corresponds 10 6,). At
that point, siress increases as slip rate decreases. further
driving the local point on the fault toward locking. This lacking
process is a highly nonlinear feature of the friction Jaw that js
entirely due to local conditions on the fault and is completely

stress T

Threshhold T,

Fic. 2. Muain features of 1he friction Faw assumed in this paper.
Friction is represented as ) function of slip (2 and state variable (o),
Transient olip rate may he &Giferent from #in the course of rapid
chinges in slip rate.
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independent of the propagation of stopping phases or other
signals along the fault.

Simulation of Seismicity on a Finite Fault

Let us now study the seismicity on the fault model that we have
just described. In the following simulations, all parameters will
be rendered nondimensional by the following choices: stress is
scaled by u, the rigidity. We choose T,/i = 1 as the peak
Iraction resistance on the fault. We scale length by the unit step
Ax used 1o discretize the fault. The total favlt length L /Ax =
511 in most of the simulations presented here. Time is scaled
ast X B/Ax, slip scales are scaled as D X p/(2T, X Ax), and
slip rate is scaled as V¥ X p/(B X 27,). The shortest nondi-
mensional time scale admissible in our computations was 0.5
so that the Courant parameter of our numerical solutions is
also 1 = 0.5. We could have used the maximum stable value
I =1, but we prefer 10 stay on the safer side. All the other
parameters appear in the friction law and were adopled as
follows: Up = 10, =5 = 3, 6p = 1, and T,; will be varied as
explained later. Let us remark that when Ty = 0, we get the
classical Coulomb friction law with initial slip-weakening.
Computations using this law were extensively studied by
Andrews (26) and produce perfectly repeatable earthquake
sequences in our computations. For Ty, = 1, the fina) stress is
equal to the peak stress on the fault as assumed in the original
work by Carlson and Langer (14). In this case, events can be
artificially triggered by relaxing a point on the fault. We
consider these two values as extreme models of slip rate
sensitivity of friction. As we will show later, a transition in the
behavior of the fault occurs around T, = 0.6.

Let us emphasize that in all our calculations the material
parameters u, 8. T.. 7o, 8y, and Uy are considered 10 be
uniform along the fault. The presence or lack of heterogeneity
of stress and slip will be entirely due to the nonlinear features
of the friction law (Eq. 6).

The slip-weakening parameter Uy determines the shortest
scale in our problem. Let us define the 101al length of an event
{ as the total number of fault elemems involved in the rupture,
In our simulations, evenis occur at scales { shorter and longer
than Uqg. Only the larger events are considered as seismic
events; small events, such that { < Uy never develop the fast
rates typical of seismic events and friction never drops 1o 0 as
allowed by the friction law of Fig. 2. These events would
disappear if we could include fault creep in our model.

Simulation of a Relatively Smooth Fault (T, = 0.4). Let us
consider first a model that is just below the critical value of
partial stress drop. In Fig. 3. we show the velocity and stress
ficld for a typical large event in this model. Because of limited
resolution, we have decimated the output so that Fig. 3 (and
also Fig. 4) presentsonly 1 line in 10. Although the slip velocity
field does not resemble the classical self-similar crack models
of Burridge (1) or Madariaga (4) much. slip continues for a
long time after the passage of the rupture front. A weak
stopping phase is clearly observed traveling across the fault. so
that that slip duration is controlled by the totzl length of the
slip zone. An interesting feature of the slip velocity field is the
variation of velocity intensity near the rupture front, After a
periad of growth, the velocity peak decreases temporarily near
the center of the fault. This is quite different fram models with
constant stress drop in which velocity intensity grows like the
square root of distance from the nucleation point. This is a
clear manifestation of incipient complexity, The stress field
shows u clear decrease after the passage of the rupture front
although several slip events leave a trace inside the faull. At the
end of the rupture process. stress drops 1o a value close 10 (12
and is rather uniform. Afier redoading of the fault by the slow
external siress ficld, the next event in the series will oceur
ender i mildly complex stress distribution thit is not cnough
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Fig. 7 bv the broken lines. Let us add 10 this distnhution some
heterogeneity and look at the slip and siress distribution. as
shown m Fig. 7 with the solid lines. We observe that - modest
change of the slip distribution preduces large variations in the
residual stress pattern. Since stress can only change inside a
limited range (0 < T < T,), these lateral variations put some
fault elements closer 1o rupture than others. As a consequence,
the future seismicity of the fault is completely determined by
these heterogeneities in the residual stress field. Thus the
mechanism that generates complexity in our model is clearly
identified, although we do not know what is the bifurcation
value for the control parameter Tp. We propose that the key
10 the creation of heterogeneity in our models is partial stress
drop. This is not at all a new concept in seismology; Brune (3)
proposed from observational arguments that most earth-
quakes presented partial stress drop and suggested that the
dynamic stress drop (7, in our case) was much larger than the
static stress drop. The main difference between our results and
the suggestion by Brune (5) is that he considered a model
where partial stress drop was uniform alang the fault, while in
our models a partial stress drop triggers strong lateral varia-
tions of the static stress drop.

Conclusions

We have demonstrated that, for certain highly rate-dependent
friction laws, a simple antiplane fault embedded in a homo-
genecus medium can spontaneously become complex. This
complexity has several interesting fealures:

(i) Premature locking of the fault, so that slip duration at any
point of the fault is independent of the 10ta) size of the fault.
Premature healing produces partial siress drop, so that siress
heterogeneity may be simply due to the extreme sensitivity of
fault stress to very small changes in the slip distribution.

(ii) Self-healing slip pulses are spontaneously generated for
large values of T,. These pulses were proposed by Heaton {33)
and they were explained in our previous work (10).

(iif) Siress heterogeneity and partial siress drop are mani-
festations of the same underlying insiability. Partial siress drop
ocecurs for all friction models that have a strong rate-dependent
friction. Partial stress drop disorganizes the fault for the simple
reason that stress drop of neighboring points will be highly
variable.

{7} Slip gradiemt (dislocation density) and stress heteroge-
neity appear when small scale modes of slip on the fault can
express themselves. For full stress drop models like rate-
independent friction laws, these small scale modes are sup-
pressed by the requirement that the stress drop be fised.
uniform, and determined only by constitutive parameters. In
thal case, only material heterogeneily can produce complexity.

{v') Seismic events (i.e.. events whose length is greater than
the length of 1he slip-weakening zone) foltow an {- scaling Jaw
in which seismic moment scales like the product of partial
stress drop and the square of the length of the zone that
actually slipped during the event. Thus. the reguiarization
length that is included in our slip-wezkening model has no
influence on the properties of large seismic events. We {ind
that the size of the slip pulse that traverses the fault determines
the actual final size of the rupture. If the slip pulse is Jarge, it
simply reaches further along the fault.

{1i) Seismic-like events in our simulations are bolh periodic
und simple for small values of the control parameter 7., For
values larger than a critical value situated around 7., = 0.6, we
vbserve events of sll sizes and a much higher rute of seismicity.
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In conclusion. we have shown that a rate-dependent friction
can spontaneously produce heterogeneity for large values of a
control parameter. This limit corresponds to that of the friction
law used by Carlson and Langer (14) in their study of the
Burridge and Knopoff model. At the other extreme, the
rate-independent friction suppresses these instabilities for the
very simple reason that partial stress drop is eliminated from
the outset. It is very likely that both material heterogeneities
and dynamically generated complexity play a role in deter-
mining the observed complexity of faulting and seismic evens.
Given the little knowledge that we currently have about the
friction laws at high slip rates, we firmly believe that hetero-
geneity should be explored without preconceived assumptions
about which of material and dynamically generated heteroge-
neity dominates in the earth.

1. P. Vilotte provided many useful and timely discussions. This work
was initiated with support from the European Union under Contract
N ERBSCI1 from the “Science” Program.
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of the high-temperature sucrural modifi-
cations of iron berween 30 and 60 GPa.
Funamori et al. (17) found ¥ iron to be
stable up to 32 GPa and 1300 K. Saxena et
al. (4, 12) suggested thar iron underwent a
phase transformation to B phase with & hep
ctructure at 40 to 60 GPa. They recorded
x-ray pattemns on quenched samples previ-
ously heated with intentionally strong tem.-
perature gradients [see figure 2 in (12)]. In
such an experimental procedure, samples
were most likely subjected to strong suess
fields that might bias stuctural determina-
tions. Dubrovinsky et al. (18) recently pro-
vided experimental data supporting a 8 hep
sgructure. The major evidence was the pres.
ence of 004 and 103 Bragg lines, which
however disappeared with prolonged heat-
ing; thus raising the possibility that the re-
flections were from an unstable intermediate
iron structure. Yoo et al. (5) recognized a
metastable new polymorph at lower pressures
and located it within the previously defined
+ iron stability field. They did not observe a
phase transformation when laser heating €
iron between 40 and 60 GPa. The absence of
a phase transformation in this range dis-
agrees with the other reports (24} and our
study.

All of our spectra recorded at high-tem-
peratures from 30 to 60 GPa and at 100
GP2 correspond to the described ortho-
thombic lattice. The stabiliry field of this
polymorph thus appears similar to thar pro-
posed by Saxena et al. (4) for the B phase.
We believe that the main difference be-
tween their study and our work lies in the
interpretation of the diffraction patterns,
and thus propose that the structure of the

2500

g
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i0 20 30 40
Pressure (GPs)

Fig. 6. Revised pressure-ternperature phase dia-
gram of ion [derived from {12)). The A and B
arrows are an estimate of the pressure-tempera-
ture path of iron during laser heating under pres-
sure. We maintain § iron as a name for the newly
determined orthorhombic structure. Melting curve
was determined by Boehler et al. and Shen et all
{3,79). Persistence of the y phase at 32 GPa and
1500 K was indicated Dy in situ x-ray experiments
(17).
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phase is the orthorhombic latrice. From our
results, it appears that the stability field of &
iron should not extend much above 32
GPa, while that of B iron extends up to at
least 100 GPa (Fig. 6).
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Three-Dimensional Dynamic Simulation of the
1992 Landers Earthquake

K. B. Olsen,* R. Madariaga, R. J. Archuleta

The 1992 Landers, Califonia, earthquake (magnitude 7.3} was modeled as the propa-
gation of a spontaneous rupture controlled by a realistic prestress distribution with the
use of a three-dimensional finite-ditference method. The dynamic rupture reproduces the
general slip pattern used to compute the initial stress distribution and generates near-
fault ground motions at the surface similar to observations. The simulated rupture
propagates on the fault along a complex path with highly variable speed and rise time,
changing the magnitude and pattern of the stress significantly. The method provides the
framework to estimate earthquake rupture parameters from recorded seismic and geo-

detic data.

The rupture of earthquakes and the result-
ing ground shaking have usually been stud-
ied from two complementary but different
perspectives. The rupture is typically ana-
lyzed by seismologists interested in the ini-
tiation, propagation, and healing of earth-
quake ruprures using complicated models
{1, 2), whereas the resulting ground shaking
is generally computed in specific areas on
the basis of a simple kinematic definition of

K. B. O'sen and R. J. Archuleta, Institute for Crustal Stud-
ies, University of California, Sarta Barpara, CA 93106-
1100, USA. )

R. Madariaga, Laboratoire de Géologie, Ecole Normale
Supérieure, 24 rue Lhomond, 75231 Paris Cedex 05,
France.

* To whom cormespondence should be addressed.

the source (3). Here, we combine the two
efforts into a single integrated approach,
including the compuiational efficiency of
recent kinematic methods (4). We assume
rupture on a planar, vertical fault, although
it would be possible in principle to simulate
more complex ruprures.

The rnain assumption in seismic source
dynamics is that traction and slip, the rel-
ative displacement of cne side of the fault
with respect to the other, are related by a
friction law across the fault zone. This fric-
tion law is a function of local rupture pa-
rameters including slip (D), slip rate (D),
and certain state variables (5) thar describe
the aging of fault contacts, fluid pressure,
temperatute, and several other slowly vary-
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ing properties of the fault. The total trac-
tion T. and therefore friction, on the fault
can be expressed as the sum of a preexisting
seress field T° and the stress change AT due
to slip on the fault

TMD, D, 0) =T + AT (1)

where 8 refers to possible state variables.
Prestress TC is generared by a combination
of tectonic loads caused by plate motion
and intemal deformation and the residual
stresses from earlier seismic events on the
fault and its vicinity. We modeled a single
event, assuming that the prestress is known.
The change in traction AT is related
through the solution of the wave equation
to the history of slip on the fault.

We used a fourth-order staggered-grid,
finite-difference solution “to the three-di-
mensional elastic wave equation (6) 10
compute the stress change for a given slip
history on the fault. Cur scheme includes a
free-surface boundary condition at the top
and sponge layers (7) in addition to absorb-
ing boundary conditions (8) at the remain-
ing grid boundaries. The use of fourth-or-
der, spatially accurate derivatives in the
finite-difference scheme ensures that all
stresses and velocities have the appropriate
symmetries about the fault plane (9). This
property reduces many of the numerical
instabilities that have prevented accurate
simulations of fault dynamics by the use of
finite-difference methods (10).

We used a friction law for which slip is
zero until the total stress reaches a critical
vield value (T, ). Once this stress has been
attained, slip rate (and therefore slip) in-
creases rtapidly from zero while traction
across the fault decreases to zero (11),

D
TD)=T,{1 - N for || <Dy

TD)=20 for D] >D, (2}

Here D, is the so-called slip-weakening dis-
tance. The decrease of friction T with in-
creasing slip D] is a universal property that
is necessary for the friction law 1o be dissi-
pative {12). If slip weakening is omitted,
stress becomes infinite at the rupwre front
so that, after a numerical transient, seismic
ruptures would continue propagating forev-
er at exactly the terminal rupture velocity.
The most important feature introduced by
this friction law is a characteristic length D
that defines a minimum size for a stable
rupture zone (J3}.

Although friction is a vector property,
we assumed that slip ocecurs only in the
direction parallel to the applied shear stress.
In this way, slip becomes a scalar (D = |DJ)
in the simulations and reduces the number
of rupture parameters needed in the model
{14). This assumption is consistent with
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Fig. 1. Topographic map showing the surlace
rupture from the 1992 Landers earthquake. The
fault trace is depicted by the black lines, and the
triangles depict the location of stations at which
we compared our modeling result with recorded
SeIsmograms.

117° 00

kinematic source inversion results (15) and
recent nurmnerical experiments {]6) suggest-
ing that slip is predominantly aligned with
the shear prestress, along the long dimen-
sion of a shallow strike-slip fault (simple
shear).

The 28 June 1992 Landers earthquake
{(magnitude 7.3) occurred in a remote area
of the Mojave Desert in southern California
(Fig- 1), bur the rupture process has been
extensively studied (17) because of its large
size, proximity to the southern California
metropolitan areas, and wide coverage by
seismic instruments. Several studies invert-
ed for the rupture history of this event from
a combination of seismograms, geodetic
data, and geologic data (18-20). The over-
all kinematics of the seismic rupture are
thought to be understood (18-20), making
the Landers earthquake an appropriate test
case for our dynamic modeling method.

The fault that ruptured during the Land-
ers earthquake can be divided into three
segmenzs: the Landers-johnson Valley
{L]V) segment to the southeast, where the
hvpocenter was located; the Homestead
\alley (HV) segment in the central part of
the fauit; and the Camp Rock-Emerson
{CRE} segment to the northwest. For the
numerical simulation, we replaced the three
segments of the fault by a single 78-km-long
vertical fault plane extending from the sur-
face dJown to a depth of 15 km.

The most important parameter required
for dvnamic modeling is the initial stress on
the fault before rupture starts; atl other ob-
servable characreristics of the seismic rup-
rure, including the motion of the rupture
front. are determined by the friction law.
To estimate the initial stress field, we used

I ey ——r - o s A g T - LT e
P aF . e e e i it 1 e W AT MY Bl D 2

Tabie 1. Three-dmensional modeling parame-
ers.

Spatial discretization (M) 200
Ternporal discretization () 0.013
Yield stress (bars) 120
Fautt length (krm) 78
Fault width (km} 15
Slip-weakening parameter (M) 0.8

Table 2. One-dimensional earth structure and
parameters; Ve, P-wave velocity; Vg, S-wave
vetocity.

Thick-

Ve Ve Density Depth
km/s)  (krvs)  (oremd) ?fri? (k)
3.80 1.98 2.30 150 1.50
5.50 3.15 2.60 250  4.00
6.20 352 270 220 260
6.80 3.83 2.87 800 320

the slip distribution for the Landers earth-
quake proposed by Wald and Heaton (]8).
From this slip distribution, we computed
the change in static traction along the lon-
gitudinal direction of the fault using our
finite-difference method. We then reversed
the sign of this stress change and added a
constant “tectonic stress” of 50 bars in order
to produce the initial stress field T° on the
Landers fault (21, 22). Thus, the initial
stress field (T in Eq. 1) is the sum of
internal stresses on the fault due to preslip
and previous earthquakes, plus some exter-
nal spatially uniform tectonic load.

Now that we have defined the initial
stress, we need to specify the friction law.
The values of the yvield stress determining
the initiation of slip and the slip weakening
distance Dy, which must be a fraction of the
slip on the fault (21), are more or less
unconstrained and may vary on the fault.
The general effect of an increase in vield
stress and the slip-weakening parameter is
10 increase rupture resistance. For the mo-
ment, D, remains unconstrained, although
a recent study of the 1935 Kobe earthquake
in Japan has proposed rather large values for
D, (23). Because of the lack of constraints,
we used a constant value of D even though
any distribution of the paramerter is allowed
by our method. We found that a constant
yield stress level of 120 bars and D equal to
80 cm produce a total rupture time and final
slip distribution in agreement with kine-
maric inversion results. Before the simula-
tion, we constrained the inirial stress T° on
the fault to values just below the specified
vield level (120 bars) to prevent rupture
from several locations. We adopted the
same regional one-dimensional (1D} model
of velocities and densities as used in (18} in
our numerical simulations (Tables 1 and 2).
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The initiation of rupture was forced by a
lowering of the vield stress in a small patch
of radius 1 km inside a high-stress region
near the hvpocenter toward the southermn
end of the L]V fault strand, as inferred from
the kinematic results (Fig. 2). Soon after
initiation, the rupture slows down as a result
of the relatively low stress surrounding the
initial asperity and shrinks to a small patch
of slip near the surface {see snapshots be-
tween 3.1 and 7 5, Fig. 2). Then the rupture
enters a high-stress area {7.8 s} abour 50 km
from the northwestern edge. At this point,
the rupture becomes more complex. Parr of
the rupture propagates vertically down and
stops (7.3 to 13.3 s, Fig. 2), while another
rart moves laterally close to the surface.
The main part of the rupture moves ahead
in the general rupture direction where its
strength increases, and it enters a high-
stress area about 33 km from the northwest-
ern edge of the fault, representing the HV
fault segment. Arter 14.5 s, the ruprure
spreads 1o the full width of the fault with
the highest intensity near the surface. Here,
the rupture puise resembles che fast, almost
instanraneous self-healing phase with a fi-
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the first contour at 1 m.

nite slip duration proposed by Heaton (24)
for large earthquakes. At 13.6 s, the rupture
enters the CRE segment of the faulr, where
the rupture extends 1o greater depths as it
propagates with a “tail” of slowly healing
fault material left behind. Toward the
northwestern edee of the fault, the ruprure
leaps ahead for the last time (18.7 s} onto a
smaller patch of higher stressed material
near the surface. After about 22 s, the rup-
ture loses energy and terminates near the
upper northwestemn comer of the faule.
The earthquake has effectively released
the :tress on all the most heavily loaded
areas of the fault (Fig. 3, A through C}. The
stress has increased within and particularly
near the edges of the areas that showed
little or no slip (for example, abour 25 1o 77
km and 37 to 43 km frem the northwestem
edee of the fault at a depth of 3 to 12 km}
1o values similar to or larger than the vield
stress specified for the earthguake that just
occurred. This result has, to our knowledge,
not been reported in earlier studies and
suggests that these areas could be the loca-
tions of nucleation for a future earthquzake
on the fauli. The final slip distribution

Distance (km}

Fig. 2 {left). Snapshots of our dynamic rupture simulation of the Landers
earthquake on the fault plane, The snapshots depict the horizontal siip rate
Fig. 3 {right). (A} Initial stress, (B) final stress, (C) stress drop, and (D) final slip
distribution from the dynamic rupture simulation. Contours shown {or (A}
through (C)are —120, 0, and +120 bars; the contour interval for (D) is 1 m, witk

{maximum 6.1 m) represents a smooth ver-
sion of the one (18) used to compute the
initial stress (Fig. 3D).

There are important similarities and dif-
ferences between the kinematic inversion
results (18-20) and cur dynamic recon-
struction of the Landers event. Both meth-
ods find that a confined rupture pulse gen-
erally propagates unilaterally along a con-
tinuous path on the fault. A more derailed
comparison of the rupture pulse is compli-
cated by the relatively lower resclution ot
the kinematic inversion. The rupture veloc-
ity shows a strong variation during the
earthquake for the dvnamic simulation (Fig
4A). On average, the rupture here propa-
gates with velocities close to the local §-
wave speed and terminates about 22 5 after
initiation, in agreement with the kinematc
results {J18-20). However, the rupture ve-
locity wvaries from subsonic to supersonic
Juring the simulation. The suksonic rupture
velocities generally occur within and near
the low-stress areas on the fault, wherea:
the supersonic ones Jominate within highlx
stressed patches of the fault where the rup-
ture resistance is relatively low. Supersonic
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for comparison. The
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Fig. 5. Comparison of simulated (thin lines) to
observed (thick lines) seismograms at four sta-
tions {see locations in Fig. 1). Long, Trans, and
Vert depict longitudinal, transversal, and vertical
cormponents, respectively. Amplitude scaling fac-
1078 listed at the station abbreviation have been
aoplied to each pair of simulzted ang observed
seismog-ams. Both simutations and observations
are shown within a bandwicth of 0.1 to 0.5 Hz.

velocities are particularly dominarting near
the surface, atlowing the shallow fault 10
lead the ruprure. This result is not expected
from the kinematic inversions where the
rupture generally propagates faster at depth
{15). These shallow supersonic rupture ve-
locities are likely caused by the free surface,
which promotes the generation of § to P
converted head waves {§*) (25).

The existence of supersonic rupture ve-
lecities has been documented in earlier
rupture models (26), bur evidence from
seismic data (27) is sparse, perhaps be-
cause of the limited resolution of the in-
version methods. The nearly horizontal
rime-Jistance contours in certain areas on
the fault represent “jumps” into areas of
hicher stress (for example, at 4 to 10 km in
Fig. 4A and snapshots at 18.7 10 195 s1n
Fig. 21. In addition to promoting superson-
ic velocities, the free surface enhances the
slip and slip rate near the surface, in agree-
ment with earlier dynamic earthguake
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modeling results (28). Rise times, calcu-
lated as the time required to accumulate
from 10% to 90% of the total slip, are
larger in areas of relatively low stress,
where the rupture slows down as a result of
increased rupture resistance. The pattern
and magnitude of the rise times (Fig. 4B)
agree with kinematic results (19). The
resolution of the rise times varies, with the
lowest values in the areas where the least
amount of slip occurred.

QOur model of the rupture process can be
compared with observations to determine
how the model fits the more complex real
event. We have compared the synthetic
seismograms generated by our model with
the observed velocity seismograms at four
stations located in the forward [Yermo
(YER)] and backward [Desert Hot Springs
(DHS)] rupture directions, as well as south-
west [Big Bear Lake (BIG)] and northeast
{Amboy (AMB))] of the fault (Figs. 1and 3}.
Both synthetic and observed seismograms
are bandpass-filiered to frequencies be-
tween (.1 and 0.3 H:, and the horizontal
ground motion is rotated to the approxi-
mate Jongitudinal (134°} and transverse
(64°) directions of the simulation. The
main features of the low-frequency ground
moticn for both amplitude and wave form
are reproduced by the synthetic seismo-
grams at the four stations. The best fir is
obtained for the relatively stronger ground
motion recorded in the forward rupture di-
rection {YER). The fit at the other three
stations is worse; this is Jue in part to the
weaker ground motion in the back-rupture
direction where the relative influence of
the crustal structure and fault geomerry is
larger. Effects of deviations of the simple iD
model are furthermore increased by the
large Jdistance from the fault to AMB (65
km). Unfortunately, AMB is the only sta-
tion available at northeastern azimuths
from the fault.

Besides the initial distribution of stress,
the only constraint of our rupture model is

S REPORTS

given by the fricnion parameters that ar
not measured. For our Landers simulaticn,
we used onlv two such parameters. the
slip-weakening Jdistance D, and the vield
stress level, The values of these paramerers
were selected from a few sensitivity simu-
lations. For instance, the rupture speed
and healing of the fault are critically de-
termined by the level of the yield stress
and D,. If D, is chosen to be less than
about 60 1o 80 cm, the rupture duration
and therefore the rise times are much
shorter than those obtained from kinemat-
ic inversion (18-20); larger values of D,
together with 2 vield stress higher than
about 120 bars introduce rupture resis-
tance at a level that prevents the rupcure
from propagating at all. Although the rup-
ture duration and rise times are strongly
related to Dy, the final slip distribution
temains practically unchanged for con-
stant values of D, that allow rupture prop-
agarion. It is presently unclear whether a
spatially varying slip-weakening parameter
or a slip-rare—dependent friction law {or
both) is needed. Thus, we realize that the
friction parameters are somewhat uncon-
strained. However, we believe that our
numerical method provides a framework
to constrain these parameters by inversion
of observed seismic and geodetic data.
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Mesoporous Platinum Films from Lyotropic
Liquid Crystalline Phases

George S. Attard,* Philip N. Bartlett, Nicholas R. B. Coleman,
- Joanne M. Elliott, John R. Owen, Jin Hai Wang

The lyotropic liquid crystaliine phases of surfactants exhibit a rich polymorphism of
structures that have long-range pericdicities and whose characteristic repeat distances
range from 2 to 15 nanometers. The electrochemical reduction of platinum saits confined
to the agueous environments of these phases leads to the deposition of platinum films
that have a well-defined long-ranged porous nanostructure and high specific surface
areas. These results suggest that the use of liquid crystalline plating solutions couid be
a versatile way to create mesoporous electrodes for batteries, fuel cells, electrochemical

capacitors, and sensors,

The use of micellar solutions of surfactants
in the synthesis of oxide ceramics is cur-
rently the subject of considerable research,
because the resulting materials, which com-
bine high specific surface areas and larger
pore sizes than are achievable in conven-
tional zeolites, are of interest for applica-
tions in catalysis and size-selective chemical
separations (1-9). We have shown that the
synthesis of nanostructured oxides can also
be achieved by using high surfactant con-
centrations (>30 weight %) (I0), so that
the teaction mixture is in a homogeneous
liquid crystalline phase. The advantage of
conducting the synthesis in a single phase
system is that it is possible to exploit the
rich lyotropic polymorphism exhibited by
surfactants 10 produce oxides whose nano-
structures are in effect casts of the structures
of the liquid crystalline phases in which
they were formed. The diversity of periodic
nanostructures that is accessible is illustrat-
ed by the following examples. Materials
synthesized in normal topology hexagonal
{H,) phases have a system of aligned pores
disposed on a hexagonal lattice, whereas
materials prepared in normal topology cubic
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(Ia3d) phases have a system of intercon-
nected cylindrical pores that form a gyroid
lattice. Similarly, the use of fluid lamellar
(L,) phases produces materials with lamel-
lar nanostructures.

Metals with nanostructures analogous 1o
thase of mesoporous oxide ceramics are of
considerable interest for applications in ca-
talysis, barteries, fuel cells, capacitors, and
sensors (! 1-14). Recently we reported that
nanostructured platinum can be produced
by the chemical reduction of metal salts
dissolved in the agueous domains of a hex-
agonal lyotropic liquid crystalliine phase
(15). This nanostructured material (which
is denoted by H,-Pt to indicate the phase
used in its synthesis) is obtained as a coarse
granular material with a specific surface
area between 17 and 23 m? g!, which is
comparable with that of platinum black (20
to 26 m? g!). Such granular nanostructured
merals can be used directly in catalysis, but
they are of limited relevance for electro-
chemical or sensor devices in which the
metal is required as a thin film. For those
applications, the abiliry to predetermine the
nature of the film’s naneostructure through
the use of different liquid crystaltine phases,
together with the control that can be
achieved aver the characteristic dimensions
of the channels, provides new methods for
obtaining optimized nanostructures. Here
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