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PHYSICS OF THE EARTHQUAKE SOURCE:

SUMMARY

Inhomogeneity of geometry is an important determi-
nant of seismicity

Relaxation of stress at barriers must be understood
Models of seismicity appear to be unstable with re-
gard to many important ingredients

We have to get the geometry and the physics
correct

What is the level of sensitivity that is needed so
that the systems stabilize?

It is doubtful that seismic time series are stationary,
because of space-time interactions

‘We must consider the entire network of faults
and not merely one linear structure

It is doubtful that the strain rates on individual
faults are constants over time

Dynamics and Dissipation are important ingredients
in modeling seismicity

Interaction on multiple time scales

Fluid migration in faults plays an important part in
the evolution of seismicity

It is premature to construct the definitive model of
seismicity of Southern California. Models that
claim to give the “solution” to problems of seis-
micity are too simplistic, unstable, and unreliable.



Physics, Theoretical and Numerical Issues
still to be solved

To characterize earthquake histories in a multidimen-
sional space of space, time, slip, energy, etc.
We have to understand lack of stationarity of
earthquake time series, and how to characterize
- episodicity
To relate the physics of long-term stress degradation
at sites of geometrical nonplanarity, such as
stepovers, triple junctions, etc., to the short-term
processes of iterative fractures

To describe the physics of fracture on the smallest
scales of fault-filling gouge and of geometrical
irregularities on a scale smaller than the sizes of
slips in the smallest earthquakes we can model

To understand slip weakening processes in the time-
scale (i.e. slip velocity scale) where dynamics is
important

To understand the healing process

To understand the migration of fluids before, during
and after earthquakes

To figure out how we can model the influence on seis-
micity due to faults that have not yet been identi-
fied

Inac.equate size of computers: What are the relations
be‘weer the sizes and speeds of computers and the
si- 2s of the systems that we want to model?



WATE CEWRTR

TRIDMC B0 L W0 \T e Yizpamiont - b
DIZFI MU JON SV TR WIOTND" 8T

1y

’ . g I
o, oa - w A =

Oy ....ﬂ AL T
W ,

. .ho.Ivtrt.,’:,‘
>
'h

*

/J . .. o
v YT O

.. .
. A) L

' e noh....v .a....\.i-\s\v-.f. .l-.n.\o

'

f " Y e wg Fars .7
Arxgwmrl\ AR
N v s .

% v sa'w

Cag oir.!..\. g

B S

_.. ./., ).4 .... J...,
LA \ .

. . - N
T \!p.‘slﬂr‘a [

BTN O WA OUROORD & 10 W WIZBmoionS _ 3 .5}

T v bem e

TMZEVIZ BT M0 Nosbeney T
TORIVOGKTT 21 2ITTW WMMTHIY 01 AGuCnR






é DVIAATHZ AAJUVAAD A0T WOJT QVIA 2MOITAUTOUTA

ins1aquastd od3 aaiwods igemiteqxs ng 2i (fsf) .2misd>-9310% o Yo zewdsid 4o

23283009 lls ai bstose vgmas Lsitnssoq od4 goiwede noissinmiz & zi (3dgit) ieasini sdgil
shiyieq 300 1o



pitnis I3







e ma | ——I

. H28M 20-8b AUA2 AITIT .T2
1131193 19q OP bseeyiqmos nsd! .swezesrq 1ataw leititersini di I ,s1weestq gainioos dA 2 ,.D9002 is batosqme]
-2bas Jg Jselio weadz stiqesb ,wiqua oa bib 1sadsi 19qqoo AoidT  .3usizoos 1qsil eswessrq bivl bas owise-



I

powoBeueons sug suoms § AugoLL orenoL Of fiie weaLn cowbLs22Ae
fue 2nuonugiuBe: [ps 2ie28 Ye|q orfeIge (Vs Spasl tous 2 LepsnAsih
lasufilteq cresuh ju 9 Sug p* e bowaih u e 2pes soue 12 BustireL fusu oy
oL gidleret edng) (0 fs jeUSH o} (ue bowysl- 1¥s LS| 2uegL SOUS COU po
2(e2e’ 9actaRag onoL 9 cienist teBiou ¥ )
ousugoy o) tueqins cowbtezzine
cowheez bujurz eurbilesrs [pe loce
puqlse s ne gezciipiste,, ue
pullt 10q Rigne duom [oug-poeuuR
teispreth e totq die bets: ruez of
eneee (engl' 20 [isr Molue coumul
IWisU21h o colofil ILgIciaE (Ve ey
2JuR)e qUBCHIO B1e 16q° jU Sdd)oL’ (e
o026 fu9r oe bloysisunepA joageq 17 9
pAgLozranc JoaqiuR gue hejjor’ mpetese
B Guejue minr 1819nABIA |2onobie o1
evesL 2832 (0 WeSU 201622 (0L {9
Asflom (0 160" |ugcanuR gre wigo of
D" e cojom. oy eecy B LouBez fowr
nAsh 1 2neez qiepupngou 12 2pomy
POIOM [18 UjE2 04 (S BUq O'T teehec-
eUage: apom bowoeinse gposs suq
1A |2 2pomu 10 9 16 |1B1TeRE SUG getKeRy
{8et rsu fse beuogic ce)* 1ye boloa-
918 (Abica" 1Y 9189 2uomu 12 2|8
oMy U LB 3! [ue befrswe eliomu
ruweq9reh  oyer e emudnaye
EIC" ¥ bolo2ih guq 2ee2 grzupnouz

2neze ysiy’ OMBI? Him BatbeugieniTL 10 178 2pbet sous” [pw QN T e
2191V 0| e eedi sous Haz wirared weds MaN puaRes’ sug psuce me
llme 1099 2ebsluroq ph 1eq 109g-Pesiil® Utz (e yuus uRyy-jareLs)
2188l S0Ue |2 Wity Wwole petsioBsuacrs’ mip beje LoBous fuar caUM ABLA

egpdnsye anai 12 sbbiosssih T ¢ AOIWBIC 28U geLAG] oW
49N, 118 qiebiacelueurz peae pssu weBuiaq ph o {gcioL o fon' 20 [ue
Dizbigoswseur Aecrolz 101 escy Bigjy' asyuug 5 uBpr-ierels) 2pike-2)b
bobowous) fo e wotueur of e couszbouqui scconepc ewizaiol P’
eliesiol? f9r qeyive M2 esyudnspe’ pe 2me of escy cloze 12
2iBugh 2wl sy (e bsuogic cepr o rocgfoue oL [Ue gconanc
jugicsreq Ju LI 39! Us pepsAOnL spomy |2 poics] 1Ue g 2pomy- |2

LIG" 3 .COo28[eWIC, QElOLLSHOU (0L g awe weeiag) 2bsuLiug e muﬁk_n.mw_o

LURCLOZCIICNLS"
qi2j0cenou [sf eI pe gccouwnuogsfeq ph [pe MereloBausone Biouna
2191 )91 12 nb Jo P Bl giswerel: mge" |2 sbboate {0 ps Ve 2psbear
MO 21062 0} [Us {9n)f 91s 2ebaigreq ph 9 oue O lUCopeLsUL ofF10U Fug
bsrfely 1ow cowbleezious) 26I2UIC MSAB2 [Lou) B 2rs-2Iib Lany’ |u D' e
Ve 2 oL T30 (Vs (ont blounusug jopee couszboug (0 e 19gigpioy

“1e2becrAsi' Ml [Us Woe; Wsuse coonte 2uomuE 2nowe R onfeige
e qiebiscatusus yesid! Leq suq pine cotiszbou fo cowbschou suq qismou

‘.-E\L"‘.'..‘_j?_" ARG

Taire

s
A e

e ey

B by . TR




LETTERS TO NATURE

FIG. 1 The geomely used for the simulations is a two-dvnensional
rectangular cefl that is periodic in both spatal dimensions. The celi
contains an assemblage of 10* circular grains of three sizes; the reiative
radii are 3:4:5, in proportions 5:3:2 respectively. This variation in radius
prevents the grains from becoming ordered onto an hexagonal lattice; the
assemblage is micoscopically heterogeneous, and macroscopicaily both
homoganeous and isotopic. To prepare the assembiage, non-overlapping
Zains are inserted at random into a cell of larger sze and compacted by
reducing the size of the cefl. The shear test shown in Fig, 2 is conducted by
shortening the penodic cell in one dimensior and extending it in the other as
wncicatad by the amows; the assemblage is deformed in pure shear at
constant volune. The shapes of the cell at the start and end of this
deformation are shown by the sobd and dashed oullines, respectively.
The scale bars here and in Figs 3 and 4 have lengths of ~13 gran
dameters.,

are called ‘acoustic emissions’ (AEs), by analogy with laboratory
tests on brittle materials in which acoustic energy is used to detect
internal failure’'.

The main difficulty in DEM is efficient detection of new
contacts that form during the arbitrary rearrangement of grauns.
In the code used here an adaptive graph' records and updates the
local topology of grains and coatacts. The equations of motion are
solved using an explicit second-order finite-difference scheme,
with a constant time step chosen 1o resolve accurately the motion
of grains with the smallest natural period of vibration’ (computed
from the mass of a grain and the combined stiffness of its
contacts). A small and uniform viscous damping force is applied
10 all grains. dissipating kinetic energy that would otherwise be
trapped indefinitely by the periodic geometry. The resuiting
attenuation of elastic waves is independent of frequency”, and
the scale distance for dissipation of wave energy is chosen to
match the size of the periodic cell.

Figure 2 shows both inelastic and elastodynamic information
extracted from a typical simulation in which the ratio of mean
stress to the elastic modulus of the grains in the compacted
assemblage is approximately 0.01. This corresponds to a typical
scismogenic depth of 10-20km into the aust. The only other
significant adjustable parameter is the loading speed, winch
discussed below. The simulation the main features of
mechanical tests on brittle materials. The initial deformation is
uniform and elastic, but becomnes inelastic as the energy and rate
of AE increases. The stress climbs 10 a peak as the strain starts to
localize onto a system of conjugate oblique shear zones, and then
drops as the strain is Jocalized to a single oblique shear zone. A
persistent state is reached which, in this periodic geometry,
corresponds to the shearing of an infinite deck of cards. The

NATURE - VO 381 - 13 JUNE 1996
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PG. 2 Summary of results for shear deformation of the assembiage shown
in Fig. 1. The honzontal axes shown strain, which 3 aguivalent 1o me
because the strain rate is constant. a, Intemal mction, a measure of the
ratio of shear stress to mean stress averaged over the assemblage. The
sketches above the panel show the pattern of shear I0CHZabON oOsSered
at two stages of the deformation (amowed). b, Energy released by each
acoustic ermssion (AE), scaled to the mean energy stored in a single elastic
contact. The amow indicates the earthquake Bustrated by B¢ 3. ¢, One
component of the velocity of a single grain within the sampie, scaled to the
speed of elastic waves in the granular assemblage. This ‘sersmogram’ s
smoothed over 100 ume steps to show coherer, longer-penod motons,
Bath the acoustic smrssions and the seismogram show bursts of actvity
separating penods of quiescence.

development of shear zones is a ubiquitous feature of deformation
in soils'* and rocks'? and has been considered in numerical studies
using granular'®”” and continuum™” mechanics, as well as in
theoretical studies™Z. Two other features of the simulation
invite comparison with geophysical observations.

First, the pattern of AEs mimics the basic charactenstics of
earthquakes. The AEs are clustered in time, each cluster repre-
senting an ‘earthquake’. Figure 3 shows how the AFEs in a single
earthquake are localized in space and how the ‘co-seismic’
displacement and strain resembles that of a shear dislocation or
strike-slip fault™. The long-term inelastic strain is produced by a
series of such earthquakes within the shear zone. The rupture
process is elastodynamic; once an earthquake has started it cannot
be stopped by stopping the external loading, and its duration is
determined by the elastic wave speed The interval between
carthquakes i3, however, determined by the external loading
speed. The ratio of loading speed to elastic wave speed in this
simulation s approximately 10°%; the equivaleat ratio for the
deforming crust is around 1077, s0 the intervals between real
carthquakes arc mxh longer relative to their duration. The
loading, speed in the simmlation is, however, demonstrably siow
emough 1o prevent carthquakes from blwrring into one another
(see Frg. 2B).

Second, although the shear zone is defined o locus of strain
localization, # can also be identificd in the stress field. Figure 4
shows that shear Jocalization keads to dilation of the material
within the shear zone and to a pronounced rotation of the
orientation of maximum compressive stress. This rotation devel-
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Fig. 4 Slip along a sinusoidal boundary moving to the right. The relative
motions at selected points are indicated by the arrows. The motion at B

is similar to that of Fig. 3.
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