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‘We have applied our method to modeling of one-
dimensional seismic wave velocity profiles of the man-
tle in various tectonic regimes, including old and
young ocean, and shields. We compute the equilibrium
phase assemglage and its seismic wave velocities along
geotherms that account for lithospheric cooling and, in
the case of shields, radioactive heat production. Seis-
mologically determined shear velocity profiles are char-
acterized by a distinct minimum in velocity at depths
of 100-200 km. Comparison with our computed seis-
mic wave profiles quantify the influence of attenuation
and dispersion of seismic wave velocities in this depth
range, which is found to be large and comparable to
the influence of mantle composition (difference between
basalt and harzburgite). Isochemical mantle composi-
tions do not show a G discontinuity, as observed seis-
mically in oceanic regions. We explore the possibility
that this feature is caused by variations with depth in
bulk composition, possibly due to basalt extraction.

MR11A MCC: 274 Monday 0830h

Elasticity and Constitution of the
Earth’s Interior IV (joint with S, T, V,
DI)

Presiding: G D Price, University
College London; P J Tackley,
University of California, Los Angeles

MR11A-01 0830h INVITED
Birch’s Mantle

Don L Anderson (626 395 6901; dla@gps.caltech.edu)

California Institute of Technology, Seismology Lab-
M/C 252-21, Pasadena, CA 91125, United States

Francis Birch’s 1952 paper started the sciences of
mineral physics and physics of the Earth’s interior.
Birch stressed the importance of pressure , compres-
sive strain and volume in mantle physics. Although this
may seem to be an obvious lesson many modern para-
doxes in the internal constitution of the Earth and man-
tle dynamics can be traced to a lack of appreciation for
the role of compression. The effect of pressure on ther-
mal properties such as expansivity can gravitational
stratify the Earth irreversibly during accretion and can
keep it chemically stratified. The widespread use of
the Boussinesq approximation in mantle geodynamics
is the antithesis of Birchian physics. Birch pointed out
that eclogite was likely to be an important component
of the upper mantle. Plate tectonic recycling and the
bouyancy of oceanic crust at midmantle depths gives
credence to this suggestion. Although peridotite dom-
inates the upper mantle, variations in eclogite-content
may be responsible for melting- or fertility-spots. Birch
called attention to the Repetti Discontinuity near 900
km depth as an important geodynamic boundary. This
may be the chemical interface between the upper and
lower mantles. Recent work in geodynamics and seis-
mology has confirmed the importance of this region of
the mantle as a possible barrier. Birch regarded the
transition region (TR ; 400 to 1000 km ) as the key to
many problems in Earth sciences. The TR contains two
major discontinuities ( near 410 and 650 km ) and their
depths are a good mantle thermometer which is now
being exploited to suggest that much of plate tecton-
ics is confined to the upper mantle ( in Birch’s termi-
nology, the mantle above 1000 km depth ). The lower
mantle is homogeneous and different from the upper
mantle. Density and seismic velocity are very insensi-
tive to temperature there , consistent with tomography.
A final key to the operation of the mantle is Birch’s
suggestion that radioactivities were stripped out of the
deeper parts of Earth and placed in the crust and up-
per mantle. This resolves the lower mantle overheat-
ing paradox but the stratified mantle slows down the
cooling of the Earth. A completely thermodynamically
self-consistent treatment of mantle dynamics, with vol-
ume and temperature-dependent parameters has not
yet been attempted but the essence of this approach is
contained in the 1952 paper, which is must reading for
all students of Earth’s interior. One implication of this
paper is that lower mantle structures should be gigan-
tic and long-lived, a prediction spectacularly confirmed
by modern seismic tomography.
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High-resolution x-ray diffraction of natural peri-
dotite, before and after (subsolidus) laser heating at
pressures as high as 107 GPa, yields results challeng-
ing the paradigm that the Earths mantle is a homo-
geneously mixed layer having the bulk composition of
pyrolite.

The starting material for the experiments is
representative of fertile upper mantle, and is in-
distinguishable from Ringwood’s pyrolite composi-
tions. It transforms to an assemblage of 76 (2)%
(Mgg.g8Feg.06Alp.125i9.94)0O3 orthorhombic  per-
ovskite (opv) by volume at zero pressure, 17 (2)%
(Mgg.80Fep.20)O magnesiowstite (mw) and 7 (1)%
CaSiOg3 perovskite (cpv), and room-temperature
isotherms for each phase within the assemblage are
in good agreement with past results on the individual
mineral phases. Different measurement techniques
yield reproducible results, with the observed scatter
being well explained by the (small) compositional vari-
ations within the mineral phases of the natural starting
material. We find values of the opv/mw Fe/Mg par-
tition coefficient consistent with prior results, 0.20
(0.10) with no evidence of any pressure dependence,
and recent work on CaSiOg perovskite shows that
its structure exhibits slight tetragonal distortion at
lower-mantle pressures.

The thermal equation of state of the high-pressure
assemblage, described in terms of the Debye tempera-
ture, Gruneisen parameter and its volume dependence,
is well determined if past measurements at high pres-
sures and temperatures are reanalysed in terms of
internally-consistent calibration standards. In partic-
ular, one model for the thermal equation of state of
gold that has been used to calibrate several key ex-
periments is faulty and yields biased results. Our re-
analysis shows that all experiments point to relatively
high values for the thermal expansion of opv (hence of
the entire high-pressure assemblage), compatible with
earlier rather than more recent analyses.

The resulting high-pressure, high-temperature bulk
modulus of the high-pressure assemblage is constrained
to about 5% at lower-mantle conditions, and is ex-
pected to be relatively insensitive to Fe abundance.
Minimum temperatures of about 2000 K at 700 km
depth rising to about 3000 K at 2500 km depth are re-
quired for the bulk modulus of the high-pressure assem-
blage to match the seismologically observed bulk mod-
ulus of the lower mantle. These values of temperature
are in good accord with current estimates. The density
of the pyrolite-composition high-pressure assemblage is
then found to be at least 2 (1)%, (and plausibly 4 (2)%)
lower than the seismologically determined density at
corresponding depths. The density mismatch is partly
attributable to the effect of Al on the volume of opv,
as also found by others. Uncertainties in the measure-
ments and analysis appear to be well constrained, and
rule out pyrolite as a viable bulk composition for the
preponderance of the mantle.
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We have used model space mapping to produce
probability distributions for various characteristics of
long wavelength models of vs, vp, p, and boundary to-
pography in the mantle. This is a new approach to
translating the global seismic inverse problem into con-
straints on geodynamic and geochemical modeling. Our
distributions reveal that typical results for velocity-
density correlation and scaling from seismic inversions
are neither robust nor representative of the true na-
ture of the seismic constraints. The data clearly fa-
vor density perturbations in most of the mantle that
are uncorrelated or negatively correlated with velocity
heterogeneity and have amplitudes several times larger
(yielding 6 Inwvg /6 1Inp < 1.0) than damped seismic in-
versions usually allow. These characteristics are most
pronounced in the upper mantle transition zone and
the top and bottom of the lower mantle. This is strong
seismic evidence for broad regions of elevated chemi-
cal heterogeneity in the deep mantle, and suggests that
variable iron content is a dominant component of such
heterogeneity.
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Flow in the Earth’s mantle is directly inferred from
the motion of lithospheric plates on the surface. The
rheology of the mantle has been directly estimated from
observations of postglacial rebound. However, it was
the determination of lateral variations of seismic veloc-
ities and their interpretation as density anomalies that
has allowed the modelling of density driven convective
flow in the mantle. Matching the geoid has allowed
depth variations of rheological structure to be better
inferred. Current models of mantle flow can account
for plate motions and observed polar wander reason-
ably well. Flow in the mantle distorts and moves man-
tle plumes, which provides a test of the plume origin
for hotspots, as well as predictions of hotspot motion.
Rheological models based on rebound, the geoid and
hotspot motion all show an increase in effective vis-
cosity in the lower mantle, which should diminish con-
vection there. Models of isotopic evolution require a
range of reservoirs that have been separate for geologi-
cally long times. Flow and stirring rates in a convecting
mantle will allow chemical heterogeneity to persist over
geologic times, especially if rheologic heterogeneities
exist. The determination of the nature and location of
geochemical heterogeneity and reservoirs remains one
of the outstanding problems in understanding the dy-
namics and evolution of the mantle, although recent
models have illuminated new approaches to the prob-
lem.
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The crystal structure, elastic constants, and wave-
velocities of MgSiO3-perovskite (Mg-pv) have been de-
termined throughout the lower mantle’s (LM) pres-
sure/temperature (P,T) regime by means of first princi-
ples computations of its vibrational density of states at
various strained configurations and free energy calcula-
tions within the quasi-harmonic-approximation (QHA).
The latter is tested ”a posteriori” and shown to be valid
at expected conditions. This completes the series of
calculations on the thermoelastic properties of Mg-pv
that are necessary to 1) narrow down constraints on
LM’s composition and thermal state, 2) shed light on
the relative role of temperature on 3D velocity struc-
tures, and 3)on the anisotropy of this phase.
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Geochemical evidence suggests that the modern
mantle is layered, or at least zoned, such that the up-
permost mantle is more depleted in incompatible ele-
ments than the deeper parts of the mantle. The in-
ference of vertical stratification is based largely on the
idea that volcanism associated with passive upwelling
at mid-ocean ridges provides a sampling of the shal-
low mantle, while plumes that support volcanism at hot
spots provide a sampling of the deep mantle. This geo-
chemical evidence has so far been difficult to reconcile
with what is currently understood about mantle con-
vection and seismic structure. Numerical convection
models show little indication that stratification can be
preserved, or that the upper and lower mantle differ
much in terms of mixing efficiency. Seismic and min-
eral physics data suggest that there may be no barri-
ers to radial flow. Progress has been made in defining
problems, but in many ways the issues facing the com-
munity now differ little from the situation in 1982.

The mid-ocean ridge basalt (MORB)ocean island
basalt (OIB) dichotomy may or may not fairly repre-
sent the current geochemical state of the mantle. The
degree to which it does is an important issue to resolve.
The apparent layering, if not an illusion, may be either
a longstanding feature of the deep earth or something
more like a dynamically maintained steady state. What
we can assume is: (a) chemically fractionated mate-
rial (continental crust and oceanic crust) has been ex-
tracted from the mantle in a semi-continuous way over
the entire history of the earth, leaving domains in the
mantle with complementary depletions; (b) continen-
tal material, as well as ocean floor, is currently being
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continuously subducted, and thus returns to the man-
tle, (presumably) with isotopic and chemical signatures
betraying its time near the earths surface; (c) mantle
plumes (exist and) come from fairly deep in the mantle,
if not from the bottom; (d) the largest mantle plumes
carry He that looks primordial; (e) the mantle mate-
rial that melts to form MORB cannot represent more
than a fraction of the total mantle; (f) mantle convec-
tion causes stirring of all of the components generated
by partial melting and subduction (delamination) such
that heterogeneities generated by different means can
be juxtaposed as well as attenuated over time.

A model that accounts for all or most of these obser-
vations and reasonable assumptions has been elusive.
How to model the processes is a subject of consider-
able debate. Nevertheless a consensus model is needed,
if only as a benchmark for further research. A bet-
ter synthesis of existing capabilities for modeling deep
earth chemistry would be a start. A committee meet-
ing might even be useful. Concurrent modeling of the
petrology, chemistry, and fluid dynamics of mantle evo-
lution, and volcanism itself, are still at an early stage.
There is cause for hope and reason to stay tuned.
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Seismic results have consistently shown a signifi-

cant low-velocity anomaly in the lower mantle beneath
Africa. This ”African anomaly” has a broad base near
the core-mantle boundary, extending from the south
Atlantic ocean to the Indian ocean [Wen et al., 2001;
‘Wen, 2001, 2002, Wang and Wen, this meeting]. The
basal layer has steeply dipping edges, rapidly vary-
ing thicknesses (0-300 km) and geometries, and anoma-
lously low shear wave velocities decreasing from -2% at
300 km above the core-mantle boundary to -9% to -12%
at the core-mantle boundary. The structural features
and velocity characteristics of the basal layer unam-
biguously suggest that it is a compositional anomaly.
It is also suggested that the seismic characteristics as-
sociated with this basal layer can be best explained by
partial melt driven by a compositional change produced
early in the Earth’s history. Such a suggestion im-
plies a denser basal layer of the ” African anomaly”. In
this presentation, I first discuss the seismic results and
then use the observations of surface uplift and geoid
to gain some insights into the density structure of the
”African anomaly” in the mid-lower mantle. I assume
that the observed surface uplift in southern Africa is
caused by the ”African anomaly” in the lower mantle.
It is perceived that, if the surface uplift is caused by
the ”African anomaly” in the lower mantle, it would
require that the top portion of the ”African anomaly”
is less denser. In this case, it would imply that the top
part of the anomaly is unstable, and may have a differ-
ent origin from its base. This conclusion, however, is
only true under the assumption of whole mantle flow. If
we assume a layered mantle flow and no viscosity jump
from the upper to the lower mantle, a denser, rather
than a buoyant, ”African anomaly” would be required
to explain the surface uplift. Such a layered model is
attractive beneath Africa, as an elevated temperature
or partial melt inside the anomaly would significantly
reduce its internal viscosity, producing a locally weak
lower mantle. I will discuss how these various flow
and density models perform in consistently explaining
the geoid, as well as implications to the origin of the
7 African anomaly”.

URL: http://geophysics.geo.sunysb.edu/wen/
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Experiments and calculations suggest that MgSiOg
perovskite, believed to be the most abundant mineral
in the Earth’s lower mantle, absorbs some amount of
aluminum, via substitution into the Mg and/or Si sites.
The substitution mechanism can significantly affect the
properties of perovskite, so knowledge of which ones
can actually take place can increase our understanding
of the composition and evolution of the earth.
We consider two substitution mechanisms of Al into
MgSiOg perovskite: 1) the charge coupled mechanism
in which Al enters the Mg and Si sites equally and 2)

the oxygen vacancy forming substitution mechanism,
in which Al enters only the Si sites and charge bal-
ance is maintained with oxygen vacancies. Previous
theoretical studies, based on 0 Kelvin, static computa-
tions on MgSiOg perovskite with an Al cation concen-
tration of 25%, treat the two substitution mechanisms
as mutually exclusive and suggest that Al is incorpo-
rated into the lattice via oxygen vacancy formation at
low pressures and via charge coupled substitution at
higher pressures (Brodholt 2000).

However, at equilibrium the solution of Al into per-
ovskite is a thermodynamic process, in which it is pos-
sible for the two substitution mechanisms to coexist.
We considered two separate reactions for the forma-
tion of the two types of aluminous perovskite. Using
lattice dynamics with various parametrized pair poten-
tials, that give reasonable equations of state for a large
class of minerals, we examine the effects of temperature
(0-2000 K), pressure (25-125 GPa), and Al concentra-
tion (3.125-12.5%) on these reactions. Regardless of
the substitution mechanism, at T=300 K and P=0 GPa,
and for an Al cation concentration of 6.25%, the pre-
dicted volume is slightly larger (by less than 1%) and
the bulk modulus is smaller (by 4 and 7%, for charged
coupled and oxygen vacancy forming substitutions, re-
spectively), consistent with the results of Zhang and
Weidner (1999) and Daniel et al. (2001).

An examination of the Gibbs free energies of re-
action, AG, including estimates of configurational en-
tropies, indicates that the two substitution mecha-
nisms indeed coexist. At the pressures and tem-
peratures corresponding to conditions at the top of
the Earth’s lower mantle, AGo gy ARGE—COUPLED
is negative and yields an Al cation concentration of
at least 3.5% in MgSiOg perovskite. Pressure fur-
ther decreases AGoyg ARGE—COUPLED and hence
increases Al solubility. In contrast, the calculated
AGy AcANCY is positive at the top of the lower man-
tle. However, its magnitude (& 9.7 kJ/mol) is small
enough so that at equilibrium some amount of oxy-
gen vacancies will be present. Furthermore, we find
that AGy AcANCYy increases with pressure, render-
ing the charge coupled substitution mechanism increas-
ingly dominant with depth in the lower mantle.
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Thanks to the development of global seismic net-

works, especially in the past two decades when digital
broadband ground motion sensors were employed, full
waveform analysis has led to the development of three-
dimensional models of the structure of Earth’s interior.
Yet, many of the new models confirm a number of crit-
ical conclusions that F. Birch drew in his seminal 1952
JGR paper. For example, he envisioned that the up-
per mantle transition zone plays a prominent role in
mantle circulation and he emphasized the significant
effect of pressure on thermodynamic parameters. In-
deed, a large number of seismic studies of the transi-
tion zone indicate that the descent of slabs of former
oceanic lithosphere is, with few exceptions, impeded by
the 660-km discontinuity. Furthermore, the observa-
tion of predominantly broad seismic velocity structures
in the lower mantle (> 1500 km depth) may reflect slug-
gish convection, due to reduced thermal expansivity.

I will review several recent seismological studies
of the deep mantle and place them in the context of
Birch’s paper. In particular, I will discuss surprising
new findings in the deep mantle beneath Africa, which
is especially well studied with data from recent African
deployments. Furthermore, I will show results of the
application of a new 3D waveform modeling technique
that may prove invaluable in future seismological stud-
ies of the deep mantle.

MR11A-10 1105h

Effects of the compositional
heterogeneity on the thermal
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A dynamical model for the thermal evolution of the
convecting mantle and core is here used to investigate
heat transfer in a compositionally heterogeneous man-
tle and its influence on the thermal evolution of the
mantle and the core. Although parameterized convec-
tion is a powerful tool for understanding the thermal
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history of the mantle, such a model cannot treat lat-
eral variations in thickness (including the possibility of
discontinuous piles of material) of a potential composi-
tional boundary in the deep lower mantle. Dynamical
models have not previously focused on cases that in-
clude a compositionally heterogeneous mantle and the
heat balance in the core.

The mantle convection model treats thermo-
chemical convection in an extended Boussinesq and in-
finite Prandtl number fluid that includes an endother-
mic phase transition at 660km depth, and with volume
averaged temperature-dependent viscosity in a two-
dimensional cylindrical shell with cylindrical-spherical
rescaling [van Keken, 2001]. The heat balance in the
core is based on Stevenson et al.[1983], which includes
treatment of latent heat and gravitational energy re-
lease during the inner core growth.

Seven cases, namely: isochemical with no phase
transition, compositionally-heterogeneous mantle
(thick layering and thin layering), compositionally-
heterogeneous mantle with excess heat sources in the
dense material (thick and thin layering), and com-
pletely layered convection bounded at the depth of
1600 km and 2500km, are tested using such a model.
The scaling law of heat transfer in the surface and
core-mantle boundary region, cooling rate of the man-
tle and core, and the possibility of existence of the
inner core will be discussed in this presentation.
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In his 1952 paper, Francis Birch concluded ”New
phases are required to account for the high elasticity of
the deeper part of the mantle (below 900 km), and it is
suggested that, beginning at about 200 to 300 km, there
is a gradual shift toward high-pressure modifications of
the ferro-magnesian silicates, probably close-packed ox-
ides, with the transition complete at about 800 to 900
km.”

In the subsequent quarter century, experimental ev-
idence for such transitions to high-pressure polymorphs
emerged in laboratories around the world, most no-
tably in those of Akimoto in Japan and Ringwood
in Australia; these studies confirmed the existence of
stable silicate phases with the wadsleyite, ringwood-
ite, majorite, ilmenite [now akimotoite], and perovskite
structures. In the 1970s and 1980s, single crystal and
polycrystalline specimens of these high-pressure phases
were synthesized, thereby enabling studies of their elas-
tic properties in the laboratory at ambient conditions
[see Brillouin studies of the Weidner and Basssett lab-
oratories, and ultrasonic studies by Mizutani and Fuji-
sawa in Japan and Liebermann and colleagues in Aus-
tralia]. This work often started with experiments on
crystal chemical analogues of mantle silicates, following
the original suggestions of Goldschmidt and Bernal in
the 1930s (repeated by Birch in 1952), and then moved
on to the real mantle compositions.

Prior to 1988, most of these acoustic experiments
were conducted versus presssure at room temperature
or versus temperature at room presssure; these condi-
tions fell far short of those achieved in the Earth’s man-
tle. Substantial progress has been made in the past
decade, making it feasible to perform acoustic exper-
iments at conditions approaching those for the transi-
tion zone (at depths greater than 400 km); this progress
has been achieved in many laboratories, including those
at the University of Washington, Geophysical Labora-
tory, Bayreuth Geoinstitut, Nagoya University, Aus-
tralian National University, and Stony Brook.

Recent experiments vastly expanded our
knowledge of the elasticity of the high-pressure phases
of mantle silicates, whose existence Birch foreshad-
owed 50 years ago. We summarize and discuss the new
data for the olivine, wadsleyite and ringwoodite phases
of (Mg,Fe)2SiO4, pyrope-majorite garnets with pyrox-
ene stoichiometry, the coesite and stishovite phases of
SiO2, ferropericlase, and silicate perovskites, and the
implications of these data for interpretations of seismic
models of the Earths interior.

have
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The earth’s transition zone, which extends from 410
and 660 km depth, is characterized by a complex se-
ries of polymorphic phase transformations. Akimotoite
(MgSiOg-ilmenite) is a high pressure polymorph of en-
statite that is thought to be important in cold portions
of the deep transition zone. The crystal structure of
this mineral has not been determined at mantle con-
ditions. Studies of analog materials indicate that aki-
motoite may exhibit cation disorder in the mantle, a
behavior that would be expected to have an important
influence on its stability and physical properties. In
order to investigate this issue we performed first prin-
ciple calculations of the R3 structure of akimotoite, as
observed experimentally at ambient conditions, and a
novel structure in which each (001) layer contains equal
amounts of Mg and Si. Our studies agree with the ex-
perimental finding that the R3 structure has the low-
est energy at low pressure. However, the energy of one
of the cation-exchanged structures approaches that of
R3 as pressure is increased and becomes more stable
at pressure greater than 40 GPa and zero temperature.
The novel structure is 4.6% denser, has a 13.6% higher
bulk modulus and a 18.5% larger shear moduls at zero
pressure as compared to the R3 structure.

These preliminary results suggest that order-
disorder transitions in akimotoite may occur at mantle
temperatures and that a disordered structure (R3c) or
partially disordered structure may be the stable state
within the stability field of akimotoite. This behavior
may effect the location of the ilmenite/majorite and
ilmenite/perovskite phase transitions and may help to
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reconcile recent first principles computations of the aki-
motoite to perovskite phase transformation with exper-
iment.
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The anisotropic lattice thermal diffusivity of three
olivines (Fo0, Fo78, and Fo91) and one orthopyroxene
(En91) has been measured to high temperatures via
impulsive stimulated light scattering, permitting the
calculation of the respective lattice thermal diffusivity
tensors. Diffusivities have been combined with calcu-
lations of density and specific heat to determine the

Both the diffu-
sivities and conductivities were found to depart signif-
icantly from expectations based on a simple inverse-
temperature dependence of the phonon mean free path.
The observed behavior is explained in terms of a pos-
itive lower bound on the phonon mean free path, and
the data thereby constrain a model of thermal conduc-
tivity at high temperature. The relative contributions
of optic and acoustic modes are evaluated from analysis
of published dispersion curves.

lattice thermal conductivity tensors.

Several conclusions are reached: The anisotropy
of lattice thermal conductivity remains essentially un-
changed over the observed range of temperatures, indi-
cating that anisotropy remains significant under upper-
mantle conditions, and, in regions displaying preferred
alignment, may account for observed lateral variations
in the geotherm. Thermal conductivity departs signif-
icantly from earlier predictions of its temperature de-
pendence; this may be understood in terms of a min-
imum phonon mean free path that is a small multiple
of the mean interatomic spacing. For olivine, the op-
tic modes have group velocities that are approximately
one-third those of the acoustic modes, and do not dom-
inate lattice conduction despite their greater number.
Impurity scattering is significant along the olivine Fe-
Mg solid solution series, but is not appreciable near the
endpoints and therefore likely does not play a major
role in the upper mantle. Finally, the historic underes-
timation of lattice thermal conductivity at temperature
has led to an overestimation of radiative conductivity;
radiative transport, although significant, plays an even
smaller role in the upper mantle than has heretofore
been assumed.
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NG52A-01 1330h INVITED
Scaling and Correlations in Earthquakes

Luciano Pietronero! (439-06-49913488;
luciano@pil.phys.uniromal.it)

Luigi Ciofi degli Attil

Vittorio Loreto! (loreto@pil.phys.uniromal.it)

1 Universita degli Studi di Roma ”La Sapienza”, P.le
A. Moro 5, Roma 00185, Ttaly

Most of the breakdown phenomena of interest show
instabilities at all sizes or scales. In this respect they
represent an ideal playground to apply and test the
novel concepts of critical and self-organized structures
that have been developed mostly in physics. The ba-
sic idea is that the application of these new concepts
should lead to a broader and deeper understanding of
these phenomena. In this way it should be possible
to cast the concept of predictability within a scientific
framework, leading to a new generation of analysis and
prediction methods.

It is with this spirit that we have analyzed space-
time correlations in real earthquakes catalogs with the
aim to define new statistical parameters for a quanti-
tative description of the seismicity. We introduce in
particular a method suitable to identify the spatial ex-
tension L(m) and the time duration T(m) of the after-
shocks series as a function of the main event’s magni-
tude m. It turns out that L(m) and T(m) are multival-
ued functions: events of the same magnitude may dis-
play significant fluctuations in the spatial extensions
and durations of the aftershocks series. This method
provides a new framework to define declustered cata-
logs which represent one of the main ingredient of any
statistical analysis of the seismicity.
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On the short-term earthquake
prediction: renormalization algorithm
and observational evidence in S.
California, E. Mediterranean, and
Japan

Viadimir Keilis-Borok!:2:3 (vkb@ess.ucla.edu)
Peter Shebalin® (shebalin@mitp.ru)
Ilya Zaliapinl»3 (zal@ess.ucla.edu)
Olga Novikova® (onovikov@mitp.ru)

Andrei Gabrielov? (agabriel@math.purdue.edu)

lInstitute of Geophysics and Planetary Physics,
UCLA, Los Angeles, CA 90095, United States

2Departmeut of Earth and Space Sciences, UCLA, Los
Angeles, CA 90095, United States

3International Institute for Earthquake Prediction
Theory and Mathematical Geophysics, Warshavskoe
sh., 79, korp. 2, Moscow 113556, Russian Federa-
tion

4Departments of Mathematics and Earth and At-
mospheric Sciences, Purdue University, West
Lafayette, IN 47907, United States

Our point of departure is provided by premonitory
seismicity patterns found in models and observations.
They reflect increase of earthquake correlation range
and seismic activity within ”intermediate” lead-time
of years before a strong earthquake. A combination
of these patterns, in renormalized definition, precedes
within months eight out of nine strong earthquakes in
S. California, E. Mediterranean, and Japan. We sug-
gest on that basis a hypothetical short-term prediction
algorithm, to be tested by advance prediction. The al-
gorithm is self-adapting and can be transferred without
readaptation from earthquake to earthquake and from
area to area. If confirmed, it will have a simple, albeit

non-unique, qualitative interpretation. The suggested
algorithm is designed to provide a short-term approxi-
mation to an intermediate-term prediction. It remains

not clear, whether it could be used independently.

URL: http://www.igpp.ucla.edu/mcdonnell
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Discrete Models of Seismicity: A Case
Study in Complexity

William I. Newman (310 825 3912; win@ucla.edu)

University of California, Dept. Earth and Space Sci-
ences, Los Angeles, CA 90095, United States

Complexity describes the transition from order to
chaos, where nonlinear interactions inextricably link
space and time, where the whole is greater than the
sum of its parts. Complexity may be seen in patterns
that can reproduce at different scales embracing a hi-
erarchy of interactions, where fractal structures are of-
ten produced, yet preserving a subtle sensitivity in its
detail to its starting point. The seismicity observed
in the earth is an example of such a complex system.
‘While the equations of mathematical physics are gen-
erally given continuum representations, discrete mod-
els offer substantial simplification both in simulations
and in their mathematical properties without sacrific-
ing the essential physics. By combining discrete models
with features derived from the renormalization group,
we can learn much about scalings, cascades, and pos-
sibly predictability in application to many geophysical
phenomena, including seismicity. We begin with per-
colation models, focusing on the emergence of critical-
ity and relevance to modeling forest fires and earth-
quake events. Slider-block models are considered as
well as their non-inertial equivalents, so-called "sand-
box” models. We present fiber bundle models as a de-
scription of hierarchical structure, and then progress
to colliding-cascades model for seismicity which have
been successful recently in describing all observed scal-
ings present in seismicity but have lead as well to the
discovery of new scalings.

NG52A-04 1415h INVITED

The Fractal Approach to Estimation of
the Physical Parameters of Seismicity

Vladimir Smirnov (7-095-9393848;
smirnov@phys.msu.su)

Earth Physics Dept., Physics Faculty, Lomonosov
Moscow State University, Leninskie Gory, Moscow,
RUS 119992, Russian Federation

Modern physical theory of the failure is based on
the fault mechanics and the kinetics of the multi-scale
defects in the stress field. This theory contains a se-
ries of key parameters which define the character of
the failure process. That are first of all such parame-
ters, as the durability of a material in the kinetic con-
cept of strength (known in seismology as a period of
seismic cycle or earthquake recurrence time) and the
critical concentration of cracks in a crack mechanics.
The first one represents the intensity of the failure pro-
cess; second one reflects the degree of crack interaction.
Usual information for estimation of these physical pa-
rameters for the seismosphere of the Earth is statis-
tics of earthquakes. However, the problem of quantita-
tive comparison of the results of seismic statistics with
the deductions of the physical theory lies in the discor-
dance of corresponding spatial sizes. The typical size
of the failure physics is the size of area of failure earth-
quake source size for seismology. Statistical estimates
relate to areas containing a set of earthquakes and hav-
ing, therefore, the size much more then t?? earthquake
source. Hence, the transference of statistical estimates
in theoretical field is their extrapolation in the space
scales. Such extrapolation is correct only under the ad-
equate account of character of the spatial structure of
seismicity.

The combination of the fractal approach to the ge-
ometry of seismicity and Gutenberg- Richter relation
(known as generalized GR relation) allows us to obtain
correct estimates of the physical parameters of seismic-
ity. The technique and results of such estimates, their
dependence on the earthquake magnitude are discussed
for different regions of the World.

This work is carried out under financial support of
the Russian Foundation for Basic Research, grant #
02-05-64268.
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Elastodynamic Simulation of Fault
System Dynamics
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2 Australian Computational Earth Systems Simulator,
The University of Queensland, Brisbane, Qld 4072,
Australia

Previous simulations of granular systems subjected
to shear with the lattice solid model have exhibited evo-
lution of the stress correlation function in the leadup
to large events. While these results provide evidence
for a Critical Point-like mechanism in elasto-dynamic
systems and the possibility of earthquake forecasting,
it remains unclear whether such a mechanism will occur
in more realistic models of interacting fault systems or
in the real earth. Furthermore, CA simulations suggest
that both Self-Organised Critical and Critical Point be-
haviours are possible depending on the values of tuning
parameters. This suggests that even if the the crust
does exhibit CP-like behaviour, a given fault system
may not depending on the tuning parameters such as
fault density, the statistics of fault friction, and dis-
sipation. To progress towards resolving this issue, we
develop a 2D fully elasto-dynamic model of parallel in-
teracting faults. Either slip or velocity weakening fric-
tion can be defined along faults. Slip weakening fric-
tion and a power law distribution of static and dynamic
friction coefficients is specified. Numerical shear exper-
iments are conducted in a model with ten parallel in-
teracting faults and fault friction power law exponents
of 0.6 and 1.6. The results exhibit a complex evolution
of the stress field and a number of interesting features
including activity switching between faults and fault
segments in the model. The event size distributions are
essentially a power law with a slight overabundence of
large events. Based upon comparisons with CA simula-
tion results, this suggests the system is in the SOC part
of phase space although further analysis is required to
confirm this hypothesis. Numerical expriments are now
in progress using different fault densities, fault friction
statistics and slip weakening distance to study whether
or not the model exhibits both critical point and SOC
behaviour like the CA models. The model provides
a crucial link between CA maps of phase space (e.g.
that show regimes of CP or SOC behaviour) and the
behaviour of more realistic elasto-dynamic interacting
fault system models, and thus, a means to improve un-
derstanding of the complex system behaviour of real
fault systems and progress towards the goal of a scien-
tific underpinning for earthquake forecasting

NG52A-06 1505h INVITED

Problems and Challenges in Earthquake
Simulations

John B Rundle (530-752-1500;
rundle@physics.ucdavis.edu)

Department of Physics University of California,
Davis, One Shields Ave., Davis, CA 95616

‘We describe problems and challenges in construct-
ing topologically realistic simulations of active earth-
quake fault systems, focusing on 1) Rationales for in-
corporating successive hierarchies of physical processes
and layers of detail; 2) Computational issues associ-
ated with performance, efficiency, and optimization of
codes; and 3) Knowledge acquisition, related to data
mining, visualization, and comparison with theory. Nu-
merical simulations of physical systems are particularly
useful for investigating the relationship between ob-
servable multi-scale space-time patterns in data and
the fundamentally unobservable, underlying multi-scale
dynamics that produce them. In general, simulations
are designed to provide physical understanding of fault
system processes and their influence on factors such as:
1) Seismic activity through time; 2) Surface displace-
ments observable by GPS, strainmeters and InSAR;
3) Relative importance of fault network topology and
frictional processes in determining dynamical behavior;
and 4) Partitioning of slip and seismic activity among
active strike slip faults in California. As an example
of how simulations can provide substantial insight into
the collection, processing, and interpretation of obser-
vational data, we discuss a new result suggesting that
surface observations from NASA space geodetic data
can be used to construct a new type of fluctuation met-
ric, a Local Ginzburg Criterion. Since earthquakes are
now interpreted as generalized phase transitions, tech-
niques can be developed that make use of fluctuation-
related phenomena to image the underlying dynamics
from data. In particular, the form of our friction equa-
tions, which are based on laboratory experiments, sug-
gest that the strain rate should be viewed as an order
parameter, whose mean value is high immediate prior
to a large earthquake, and jumps discontinuously to a
low mean value immediate following the event. From
ideas developed in these simulations, we propose a new
mapping function, which we call a Local Ginzburg Cri-
terion, that can be used to reveal information about
the underlying dynamics using surface strain rate ob-
servations on fault systems.

Cite abstracts as: Eos. Trans. AGU, 83(47), Fall Meet. Suppl., Abstract #####-#F#, 2002.




