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we augment the model with damage-related viscosity
to account for inelastic deformation that precedes brit-
tle failure.

Analytical and numerical results based on the model
formulation reproduce key features of rock behavior
under large strain, including damage self-organization
and localization into a narrow zones, crack extension
path under mixed mode loading and more. The dam-
age model includes post-failure behavior (healing) that
allows a stick-slip motion along a narrow zone with lo-
calized damage. Averaging such stick-slip motion in
space and time fits the experimentally observed rela-
tions of rate- and state-dependent friction between slip
velocity, normal, and shear stress components. Three
dimensional numerical simulations reproduce the main
features of a quasi-static fault nucleation observed in
a triaxial laboratory test. Additional model features
compatible with seismicity patterns are discussed in a
companion presentation by Ben-Zion and Lyakhovsky.
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Using a classical averaging approach, we derive the
limit of a two-phase viscous theory, when both the vis-
cosity and the density of the less viscous phase become
zero. The resulting model describes the behavior of a
porous matrix containing voids. The presence of sur-
face tension at the surface of the matrix grains is taken
into account. In addition to the equations of matrix
mass and momentum conservations, non-equilibrium
thermodynamic considerations allow us to propose an
energy balance where both mechanical heat dissipa-
tion and storage of surface energy are taken into ac-
count. This model gives therefore a simple description
of an isotropic damage theory that we use to interpret
the failure envelopes of rock samples. For a sample
under triaxial compression, the theory predicts in a
mean stress/differential stress plane, the positions of
the dilations or compressions and the rates of poros-
ity changes. Comparisons with various sandstone ex-
periments show that the experimental failure envelopes
corresponds exactly to a critical rate of porosity change
according to our equations, either negative (shear en-
hanced compression) or positive (fracture). One of the
parameters of our equations that characterizes the per-
centage of work that is not dissipated but is stored
as surface energy appears surprisingly constant for all
sandstone experiments of the data base that we com-
piled. The dependencies of the failure envelope as a
function of porosity (cohesion strength, onset of grain
crushing, onset of dilation, and maximum sustainable
differential stress) are very satisfactorily predicted by
our approach.
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We suggest that the observed large-scale universal
roughness of brittle fracture surfaces is due to the frac-
ture process being a correlated percolation process in
a self-generated damage gradient. We show that the
roughness exponent ζ of an in-plane crack front slowly
propagating along a heterogeneous interface embeded
in a elastic body, is in full agreement with a corre-
lated percolation problem in a linear gradient. We ob-
tain ζ = ν/(1 + ν) where ν is the correlation length
critical exponent. We develop an elastic brittle model
based on both the 3D Green function in an elastic
half-space and a discrete interface of brittle fibers and
find numerically that ν = 1.5, which therefore yields
ζ = 0.6. We also obtain by direct numerical simu-
lations ζ = 0.6 in excellent agreement with our pre-
diction. This modelling is for the first time in close
agreement with experimental observations. Moreover,
for three-dimensional brittle fractures, the gradient is
quadratic and the roughness exponent is shown to be:
ζ = 2ν/(1+2ν). A mean-field theory gives ν = 2, lead-
ing to ζ = 4/5 in full accordance with the universally
observed value ζ = 0.80.
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Frictional on sliding surfaces is ultimately related
to processes of surface damage, and can be understood
in the context of the physics of dynamical threshold
systems. Threshold systems are known to be some of
the most important nonlinear, self-organizing systems
in nature, including networks of earthquake faults, neu-
ral networks, superconductors and semiconductors, and
the World Wide Web, as well as political, social, and
ecological systems. All of these systems have dynamics
that are strongly correlated in space and time, and all
typically display a multiplicity of spatial and temporal
scales. Here we discuss the physics of self-organization
and damage in earthquake threshold systems at the mi-
croscopic laboratory scale, in which consideration of
results from simulations leads to dynamical equations
that can be used to derive results obtained from sliding
friction experiments, specifically, the empirical rate-
and-state friction equations of Ruina. Paradoxically, in
all of these dissipative systems, long-range interactions
induce the existence of locally ergodic dynamics, even
though the dissipation of energy is involved. The exis-
tence of dissipative effects leads to the appearance of a
leaky threshold dynamics, equivalent to a new scaling
field that controls the size of nucleation events relative
to the size of the background fluctuations. The cor-
responding appearance of a mean field spinodal leads
to a general coarse-grained equation, which expresses
the balance between rate of stress supplied, and rate
of stress dissipated in the processes leading to surface
damage. We can use ideas from thermodynamics and
kinetics of phase transitions to develop the exact form
of the rate-and-state equations, giving clear physical
meaning to all terms and variables. Ultimately, the
self-organizing dynamics arise from the appearance of
an energy landscape in these systems, which in turn
arises from the strong correlations and mean field na-
ture of the physics.
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Linear physics does not admit the possibility of
wave coupling. With the advent of nonlinear research,
wave-wave coupling has been observed and described
theoretically in many media. For example, in hydro-
dynamics the Euler equations can lead to the Nonlin-
ear Schroedinger Equation (NLS), which in turn ad-
mits three-wave coupling. Simple theory yields surpris-
ingly good results [1, 2]. In plasma physics, the wave
coupling phenomenon can be derived directly from the
Vlasov equation [3]. Recent interest has been renewed
when four-wave coupling was observed in experiments
on Bose-Einstein condensates. Here, a successful the-
ory has recently been developed based on the Gross-
Pitayevski equation, a NLS for this condensate. Al-
though now four waves may couple instead of three,
the ideas and even the formalisms are almost identical
[4]. Other fields in which the phenomenon is observed
include optics and even population studies. When look-
ing for this effect in new fields, one should ask whether
similar coupling mechanisms are in place.

References [1] E Infeld, Phys Rev Letters 47 717,
1981 [2] E Infeld and G Rowlands, Nonlinear Waves,
Solitons and Chaos, CUP, 1990, second edition, Chap-
ter 5. [3] R C Davidson , Methods in Nonlinear Plasma
Theory, Academic, NY, 1972, chapter 6. [4] M. Trip-
penbach et al., Phys. Rev. A 62, 023608, 2000.

NG22B-02 1545h

T Waves at the Seafloor: Coupled
Seismoacoustic Modes and Spiciness

Rhett Butler (202-682-2220; rhett@iris.edu)

The IRIS Consortium, 1200 New York Avenue, Wash-
ington, DC 20005, United States

T waves are routinely observed at the Hawaii-2 Ob-
servatory (H2O) on the seafloor between Hawaii and
California, even though the seafloor (4979 m) is sub-
stantially below the conjugate depth of the SOFAR
channel. These interface T waves, termed Ti, show
specific polarization characteristics in the sediments
at H2O and underlying basement (at the OSN-1 bore-
hole site). The sedimentary observations are polarized
dominantly on the radial-horizontal direction, whereas
the borehole measurements are dominantly vertical.
The frequency spectra displays a modal structured of
seismoacoustic coupling on the seismometer and hyr-
drophone observations. The polarization of individual
modes exhibits elliptical particle motion characteristic
of Rayleigh waves. Ti is observed at H2O with fre-
quencies up to 80 Hz at 2200 km from the Blanco Frac-
ture Zone, 2.5-15 Hz at 5500 km from earthquakes near
Kamchatka, and 5-15 Hz at a distance of 9400 km from
the Pacific-Antarctic Ridge. Energy analyses of Ti indi-
cate that below around 5 Hz, Ti dominantly propagates
as seismoacoustic coupled Rayleigh modes in the sedi-
ments, whereas above 5 Hz the dominant energy is ob-
served on the hydrophone. Seismoacoustic modal cou-
pling in Ti above 5 Hz may be locally generated in part
from energy scattered from the SOFAR channel. It is
hypothesized that the higher frequency (>5 Hz) compo-
nents of Ti include scattering of T waves from the SO-
FAR channel to the seafloor attributable to ”spiciness”,
the variability of temperature and salinity along a sur-
face of constant density due to air-sea fluxes, turbulent
mixing and advection. While dynamically neutral in
the ocean by virtue of the density compensation, sound
speed correlates positively with both temperature and
salinity, so that spicy structures create velocity hetero-
geneity which scatter T waves. The 5-80 Hz frequency
range and corresponding wavelengths observed at H2O
suggests spicy length scales of 300 to 20 m in the region
of the H2O site.
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Velocity fluctuations over evolving scales of motion,
on the scale of observation, often lead to anomalous
dispersion of conservative tracers in fluid mechanics
studies of turbulence and heterogeneous porous me-
dia. Recent theories of anomalous dispersion lead to
space-time non-local constitutive models for the flux of
concentration, which can adequately model this prob-
lem. We review one such model, which has its foun-
dations in non-equilibrium statistical mechanics. The
basic premise is that knowledge of the evolution of the
self-part of the intermediate scattering function is all
that is required to model the phenomena of interest.
We derive the basic integro-partial-differential equation
this function satisfies and solve the inverse problem to
obtain the kernels and use these to describe the wave-
vector and frequency dependent dispersion tensor. Sub-
sequently we use this information to study the transi-
tion from anomalous to Fickian dispersion. We also
make use of the finite size Lyapunov exponent in the
description of the dispersive process. Three-camera,
three-dimensional, particle -tracking velocimetry ex-
periments are undertaken to study dispersion within
a matched-index heterogeneous porous medium. Par-
ticle trajectories, mean square displacements, velocity
covariance’s, intermediate scattering functions, classi-
cal dispersion tensors, wave-vector and frequency de-
pendent generalized dispersion tensors and the finite-
size Lyapunov exponents are obtained. Comparisons
are made in the small frequency and small wave vector
limits to obtain the transition from preasymptotic to
asymptotic dispersion.
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We developed a unified framework to model the
anomalous transport of tracers in highly heterogeneous
media. While the framework is general, our working
media in this study are geological formations. The
basis of our approach takes into account the differ-
ent levels of uncertainty, often associated with spatial
scale, in characterizing these formations. The effects
on the transport of unresolved, smaller spatial scale
heterogeneities (residues) are treated probabilistically
with a continuous time random walk (CTRW) formal-
ism, while the larger scale variations (trends) are in-
cluded deterministically. The CTRW formulation de-
rives from the ensemble average (EA) of a disordered
system, in which the transport in each realization is de-
scribed by a Master Equation. We numerically solve the
transport equations for given field-size heterogeneous
domains (specifying the trends), wherein each cell or
pixel contains an EA of systems comprised of the un-
resolved small-scale heterogeneities. The EA of these
systems is constrained by the density of residues and
the average velocity (determined from the steady-state
flow field of the entire domain) for each cell. Accu-
rate numerical inverse Laplace Transforms allow solu-
tions with a general (cell-dependent) ψ(s, t), the joint
probability density for a displacement s with an event-
time t. The method applied to one EA domain obtains
the boundary-value solution to a (spatial) differential
equation with an arbitrary, physically based, Laplace
Transform of ψ(s, t). This approach, thus, obviates the
need to restrict the ψ(s, t) to specialized forms, e.g., a
power-law tail; the restriction can limit the time range
of physical applicabilty. We apply the unified frame-
work to non-stationary domains generated by fracture
systems and porous rock characterized by permeabil-
ity maps. We demonstrate results of transport calcu-

lations in one- and two-dimensional domains, for a va-
riety of (large-scale) heterogeneity structures, (small-
scale) material properties and boundary conditions.
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Diffusion and relaxation in many disordered sys-

tems exhibits anomalous behaviors, for example a
mean square displacement of a tracer particle may fol-
low 〈r2〉 ∼ tα . The continuous time random walk
(CTRW), introduced by Montroll and Weiss (1965), is a
stochastic framework applied extensively to model such
anomalous behaviors. In recent years it has become
clear that anomalous diffusion processes may exhibit
aging behavior. We investigate aging CTRW, previ-
ously introduced by Monthus and Bouchaud (1996) in
the context of diffusion in glasses. Now the Green func-
tion P (r, ta, t) depends on the age of the diffusion pro-
cess, instead of the usual Montroll–Weiss Green func-
tion P(r, t). An exact equation for the Fourier double
Laplace transform of the aging CTRW Green function
P(r, ta, t) is derived, thus generalizing the Montroll–
Weiss equation to the aging regime. Asymptotic long
time t and long time ta behaviors of aging CTRW are
derived. Aging CTRW might be applied to any ran-
dom walk process, described by standard CTRW, pro-
vided that aging initial conditions are satisfied. For
example, recently, the approach was successfully ap-
plied to chaotic diffusion generated by a deterministic
non-linear low dimensional system.

URL: http://www.nd.edu/˜jbarkai
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When applying non-stationary stochastic processes
with stationary increments (stochastic fractal models)
to heterogeneous property distributions, it is often con-
venient to deal with the increments of natural log
of the property, such as hydraulic conductivity (i.e.,
delta[Ln(K)]). According to theory, such increment dis-
tributions should have a mean of zero independent of
measurement separation (lag), and a variance, or anal-
ogous property, that displays a power function depen-
dence on lag. Ln(K) will then be a non-stationary
stochastic fractal, and the exponentiated K distribu-
tion itself will display some of the properties of a multi-
fractal. Most delta[Ln(K)] data sets developed during
the past decade have displayed Levy-like probability
density functions (PDFs). In these cases, the under-
lying non-stationary fractal is fractional Levy motion,
which when exponentiated results in a K distribution
having infinite statistical moments. This led past re-
searchers to truncate the Levy PDFs used in applica-
tions, or to describe the distribution as being Levy-like
rather that having true Levy tails. Recently, evidence
has been developed that Levy-like behavior can result
from the (possibly) unintended superposition of several
Gaussian distributions. From a geological perspective,
a given body of rock is often composed of several differ-
ent facies, with facies type resulting from some mixture
of different depositional environments, different mate-
rials, different climates, and other considerations. It
probably does not make physical/mathematical sense
to mix data from a set of facies when attempting to
derive the statistics relating to a property distribu-
tion such as Ln(K). It can also be shown that adding
together and re-normalizing a set of Gaussian distri-
butions, with means of zero and different variances,
produces a PDF having a Levy-like interior, but ulti-
mately, of course, displaying Gaussian tail behavior.
This motivates the working hypothesis that individ-
ual facies will display Gaussian behavior in the rele-
vant delta[Ln(K)] PDFs, and that the Levy-like model
has resulted, at least in part, due to mixing data from
different facies. Three sets of data that support this
viewpoint are presented and discussed, one from an al-
luvial fan, a second from an eolian sandstone, and the
third from a bioturbated, near-shore sandstone. Possi-
ble limitations of the working hypothesis are discussed
also.
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