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Abstract. The b-value change in the frequency-magnitude 1 Introduction

(FM) distribution for a synthetic earthquake catalogue ob-

tained by means of the model of block structure dynamicsThe study of seismicity with the statistical and phenomeno-
has been studied. The catalogue is divided into time periodégical analysis of observed earthquake catalogues has the
preceding Strong earthquakes and time periods that do ndiisadvantage that the reliable data cover, in general, a time
precede strong earthquakes. The separate analysis of the@erval of about one hundred years or even less. This time
periods shows that thevalue is smaller before strong earth- interval is very short, in comparison with the duration of tec-
quakes. The similar phenomenon has been found also for théonic processes responsible of the seismic activity. Therefore
observed seismicity of the Southern California. The modelthe patterns of the earthquake occurrence identifiable in the
of block structure dynamics represents a seismic region asatalogue may be only apparent and may not repeat in the
a system of perfectly rigid blocks divided by infinitely thin future. This can be overcome by numerical modelling of
plane faults. The blocks interact between themselves anéhe processes generating seismicity and analyzing obtained
with the underlying medium. The system of blocks moves assynthetic earthquake catalogues that cover many seismic cy-
a consequence of prescribed motion of the boundary block§les and allow studying the dependence of seismicity on the
and of the underlying medium. As the blocks are perfectlymodel parameters.

rigid, all deformation takes place in the fault zones and at Several models based on spring-block interaction, cellular
the block base in contact with the underlying medium. Rel-automata, scaling organization of fracture tectonics, collid-
ative block displacements take place along the fault zonesing cascades etc. (Burridge and Knopoff, 1967;egte et
Block motion is defined so that the system is in a quasistaticdl., 1982, 1995; Bak and Tang, 1989; Olami et al., 1992;
equilibrium state. The interaction of blocks along the fault Blanter et al., 1998; Gabrielov et al., 2000) have been de-
zones is viscous-elastic (“normal state”) while the ratio of veloped to reproduce general properties of observed seismic-
the stress to the pressure remains below a certain strengify. Other models have implemented specific mechanisms
level. When the critical level is exceeded in some part ofin the fault zone (e.g., Nur and Booker, 1972; Dieterich,
a fault zone, a stress-drop (“failure”) occurs (in accordancel972, 1994; Barenblatt, 1983; Gabrielov and Keilis-Borok,
with the dry friction model), possibly causing failure in other 1983; Ito and Matsuzaki, 1990; Hainzl et al., 1999; Ben-Zion
parts of the fault zones. These failures produce earthquake&nd Lyakhovsky, 2006). These models reproduce certain ob-
Immediately after the earthquake and for some time after, th&erved phenomena but it is rather difficult to apply them to
affected parts of the fault zones are in a state of creep. Thign actual fault system. This can be made by means of models
state differs from the normal state because of a faster growtfthat generate synthetic earthquake catalogues for a large het-
of inelastic displacements, lasting until the stress falls belowerogeneous strike-slip fault (Ben-Zion and Rice, 1993let
some other level. This numerical simulation gives rise a syn-et al., 2005) and for a system of faults (e.g., Ward, 1992,
thetic earthquake catalogue. 2000; Robinson and Benites, 1996, 2001; Fitzenz and Miller,
2001; Zhou, 2006).
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210 A. Soloviev: Transformation of frequency-magnitude relation

The frequency-magnitude (FM) distribution (Ishimoto and
lida, 1939; Gutenberg and Richter, 1944) is described by the
relation

l0g;gN = a — bM, (1)

, . where N is the cumulative number of earthquakes having
______ 7 ts || magnitudes not less tha¥Wl. The value ofa in relation (1)
it ores | characterises the total number of earthquakes while the value
. S i e e of b characterises size distribution of earthquakes. It has
N T [— been shown that the value éfis not as constant and can
WD vary in time and space. Variation of tievalue has been
found for observable seismicity (e.g., Smith, 1986; Hender-
son et al.,, 1994; Ogata and Katsura, 1993; Amelung and
King, 1997; Rotwain et al., 1997; Wiemer and Wyss, 1997,
Wyss et al., 2000; Wyss and Wiemer, 2000; Burroughs and
Tebbens, 2002), for synthetic seismicity generated in numeri-
cal models (e.g., Christensen and Olami, 1992; Narkunskaya

T o ot Bk st Shan. 199 Ao, 2003 Zalepn e 3. 200
: K P . . %c‘jller et al., 2006) and for microfractures in laboratory sam-
lithosphere. The model is based on the assumption tha]

blocks of the lithosphere are separated by comparatively thinples (e.g,, Rotwain etal., 1997; Amitrano, 2003). Theoretical

weak and less consolidated fault zones, such as Iineamen[mOIeIS have been developed to explain temporal fluctuations
' iR b-value (e.g., Main et al., 1989, 1992; Henderson et al.,

and tectonic faults. In a seismotectonic process major de'1992)
formation and most earthquakes occur in such fault zones. Thé urpose of the present studv is to analvze the be-
Synthetic earthquakes are generated in the model as a reswgviourpofqtheb-value fgr the s nchtic seismic?{ ener-
of movement of blocks creating stress in the fault zones. The y 'y 9

; ated by the model of the block structure dynamics. We try
model allows to reproduce the block structure of a region un-,_ . . . . !

: : . . to find difference in theb-value for periods preceding the

der qon3|derat|_on a.m.d has been appl!ed .to smulate bIOCk.dylérgest earthquakes and periods that do not precede such
hamics a_nd seismicity O_f the r_eal SEISMIC regions (SO|OV'eVearthquakes. A simple structure consisting of 4 square blocks
and Ismail-Zadeh, 2003; Ismail-Zadeh et al., 2007).

A seismic region is modelled by a system of perfectly is used for generating the synthetic earthquake catalogue.

L oS . . It follows from the analysis of the synthetic catalogue that
rigid blocks divided by infinitely thin plane faults.  The the b-value is smaller for the periods preceding the largest

blocks interact between themselves and with the underlyin .
. rthquakes. The analysis of the earthquake catalogue of the

medium. The system of blocks moves as a consequence %?)uthern California gives similar results

prescribed motion of the boundary blocks and of the under- '

lying medium. As the blocks are perfectly rigid, all defor-

mation takes place in the fault zones and at the block bas@  pescription of the model

in contact with the underlying medium. Relative block dis-

placements take place along the fault zones. This assumptiop.1  Block structure geometry

is justified by the fact that for the lithosphere the effective

elastic moduli of the fault zones are significantly smaller thanA layer with thicknessH, limited by two horizontal planes

those within the blocks. Block motion is defined so that theis considered (Fig. 1), and a block-structure is a limited and

system is in a quasistatic equilibrium state. The interactionsimply-connected part of this layer. Each lateral boundary of

of blocks along the fault zones is viscous-elastic ("normalthe block-structure is defined by portions of parts of planes

state”) while the ratio of the stress to the pressure remainsntersecting the layer. The subdivision of the structure into

below a certain strength level. When the critical level is ex- blocks is performed by planes intersecting the layer. The

ceeded in some part of a fault zone, a stress-drop (“failure”)parts of these planes which are inside the block-structure and

occurs (in accordance with the dry friction model), possibly its lateral facets are called “fault planes.”

causing failure in other parts of the fault zones. These fail- The geometry of the block-structure is defined by the lines

ures produce earthquakes. Immediately after the earthquakef intersection between the fault planes and the upper plane

and for some time after, the affected parts of the fault zonedimiting the layer (these lines are called “faults”), and by the

are in a state of creep. This state differs from the normal statangles of dip of each fault plane. Three or more faults can-

because of a faster growth of inelastic displacements, lastingiot have a common point on the upper plane, and a common

until the stress falls below some other level. This numericalpoint of two faults is called “vertex.” The direction is spec-

simulation gives rise a synthetic earthquake catalogue. ified for each fault and the angle of dip of the fault plane is

Fig. 1. On definitions used in the model of block structure dynam-
ics.

The model of the block structure dynamics (Gabrielov et
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A. Soloviev: Transformation of frequency-magnitude relation 211

measured on the left of the fault. The positions of a vertex The evolution of the inelastic displacements at the point
on the upper and the lower plane, limiting the layer, are con<(X,Y) is described by the equations

nected by a segment (“rib”) of the line of intersection of the d

corresponding fault planes. The part of a fault plane betweer—¢ — W fE, Da _ Wufy”. 4)

two ribs corresponding to successive vertices on the fault is dt dt

called “segment.” The shape of the segment is a trapeziumThe coefficientsk,, and W, in Egs. (2—4) may be different
The common parts of the block with the upper and lower for different blocks.

planes are polygons, and the common part of the block with

the lower plane is called “bottom.” 2.4 Interaction between the blocks along the fault planes

We assume that the block-structure is bordered by a conAt the i . it K1) of the fault ol
fining medium, whose motion is prescribed on its continu- € timet, in some point X,Y) of the fault plane sepa-

ous parts comprised between two ribs of the block-structureratlng the blocks numberedand j (the block numberedis

boundary. These parts of the confining medium are called" the left and that numberegis on the'rlght of the faul
“houndary blocks.” the componentax, Ay of the relative displacement of the

blocks are defined by
2.2 Block movement Ax =xi—xj — (¥ — YD) + (¥ — ch)wj’ (5)

The movements of the boundaries of the block structure (the i j

. . Ay =y, — y; X—X)pi—(X—X i 6
boundary blocks) and the medium underlying the blocks are > ~ ' ~ Y/ +( i = ( c); ©)
assumed to be external force acting on the structure. Th(\a/vhereXi., Yi, X, v/ are the coordinates of the geometri-
rates of these movements are considered to be horizontal and o

known. The movement of the underlying medium is spec—Cal centres of the block bottoms, (7), and §;,y;) are the

translation vectors of the blocks, apgd ¢ ; are the angles of
ified s_eparately for different bloc_k_s. D|mer_13_|onle_ss time Is rotation of the blocks around the geometrical centres of their
used in the model, and all quantities containing time are re- :
) . . . . "~ bottoms, at time.
ferred to one unit of the dimensionless time. At each time

: . . In accordance with the assumption that the relative block
the displacements of the blocks are determined in suchaway, - - oo 1o ce only alona the fault olanes: the dis-
that the structure is in a quasistatic equilibrium. All displace- P P y 9 P ’

ments of blocks are supposed to be infinitely small Com_placements along the fault plane are connected with the hor-

pared with the block size. Therefore the geometry of theIzontal relative displacement by
block structure does not change during the simulation andA, = ¢ Ax + ey Ay, )
the structure does not move as a whole.

A; = Ap/COsa, Whereh, = ex Ay — ey Ax. (8)
2.3 Interaction between blocks and the underlying medium

That is the displacements along the fault plane are projected
The elastic force which is due to the relative displacement ofon the horizontal plane. Her#,, A; are the displacements
the block and the underlying medium, at some point of the@long the fault plane parallelA¢) and normal 4,) to the
block bottom, is assumed to be proportional to the differencefault line on the upper planeg(.ey) is the unit vector along
between the total relative displacement vector and the vectothe fault line on the upper plane s the dip angle of the fault
of slippage (inelastic displacement) at the point. This forceplane, andA,, is the horizontal displacement, normal to the
per unit ared” = (f%,f*) applied to the point with coordi- ~ faultline on the upper plane.

nates §,Y), at some time, is defined by The elastic force per unit aréa= (f;, f;) acting along the
fault plane at the pointX,Y) is defined by

;ZKMX—XM—Y—YC( — Qu) — Xq), 2

S = Rl Vot @ k-, ©)

1y = Ku(y = yu+ (X = X) (@ — @u) = Ya)- B =k 8. (10)

whereX,, Y, are the coordinates of the geometrical centre ofHereé;, §; are inelastic displacements along the fault plane at
the block bottom; X,,,y,) andg, are the translation vector the point (X,Y) at time¢, parallel §;) and normal §) to the
and the angle of rotation (following the general convention,fault line on the upper plane. The evolution of the inelastic
the positive direction of rotation is anticlockwise), around displacement at the poink(Y) is described by the equations
the geometrical centre of the block bottom, for the underly-

. . = ; ds, ds;

ing medium at time; (x,y) andg are the translation vector — = Wf,, —

of the block and the angle of its rotation around the geomet- dt dt
rical centre of its bottom at time (x,,y,) is the inelastic  The coefficientsK and W in Egs. (9-11) are, respectively,
displacement vector at the poir (Y) at timer. proportional to the shear modulus and inversely proportional

= W, (11)

www.nonlin-processes-geophys.net/15/209/2008/ Nonlin. Processes Geophys., 15, 209-220, 2008



212 A. Soloviev: Transformation of frequency-magnitude relation

to the viscous coefficient of the fault zone. The valuekof where the components of the unknown vedefzi, z, ...,
andW can be different for different faults. z3,) are the components of the translation vectors of the

In addition to the elastic force, there is the reaction forceblocks and the angles of their rotation around the geomet-
which is normal to the fault plane; the work done by this rical centres of the bottoms: (is the number of blocks),
force is zero, because all relative movements are tangent tbe. zz,—2=Xm, Z3m—1=Ym, Zam=¢m (m is the number of the
the fault plane. The elastic energy per unit area at the poinblock,m=1, 2,...,n).

(X,Y) is equal to The matrixA does not depend on time and its elements
are defined from Eqgs. (2), (3), (5-10) and (13). The moment
e = (fr(Ar —8) + fi(Ar —é1))/2. (12)  of the forces acting on a block is calculated relative to the

geometrical centre of its bottom. The expressions for the el-
ements of the matriXA contain integrals over the surfaces
of the fault segments and of the block bottoms. Each inte-
gral is replaced by a finite sum, in accordance with the space
de fi discretization described in Sect. 2.6. The components of the
fn = A, ~ cosa (13) vectorb are defined from Egs. (2), (3), (5-10) and (13) as
well. They depend on time, explicitly, because of the move-
It follows from Eq. (13) that the total force acting at the point ments of the underlying medium and of the block-structure

of the fault plane is horizontal if there is the reaction force, houndaries and, implicitly, because of the inelastic displace-
which is normal to the fault plane and its magnitude per unitments.

area is equal to

po = fitan. (14)
. . Formulas given above define the stress and the evolution of
We introduce the reaction force Eq. (14) and therefore thergyg e|astic displacements at points of fault zones and of

are not vertical components of forces acting on the blocks, e pottoms. To carry out the numerical simulation of

and there are not vertical displacements of blocks. block structure dynamics discretization of these plane sur-
Equations (5) and (6) are valid for the boundary faults t00.¢5ceq is required. The discretization is defined by parameter

In this case one of the blocks separated by the fault is the 4 applied to fault segments and block bottoms as follows.

boundary block. The movement of these blocks is described £4qh fault segment is a trapezoid with basendb and

by their translation and rotation around the origin of coordi- heighth=H/sinx whereH is the thickness of the layer, and

nates. Therefore the coordinates of the geometrical centre of is'the dip angle of the fault plane. We determine the values
the block bottom in Egs. (5) and (6) are zero for the boundary

block. For example, if the block numbergds a boundary  n1 = ENTIRE(h/¢) + 1, and
block, thenx! = Y/=0in Egs. (5) and (6).

From Egs. (7), (8) and (12) the horizontal component of the
elastic force per unit area, normal to the fault line on the up-
per plane,f, can be written as:

2.6 Scheme of simulation

nz = ENTIRE (maxa, b)/¢) + 1,

2.5 Equilibrium equations . o )
and divide the trapezoid intainy small trapezoids by two

The components of the translation vectors of the blocks and@roups of segments inside it; there arel segments paral-
the angles of their rotation around the geometrical centres ofe! to the trapezoid bases and spaced at intetalg, and
the bottoms are found from the condition that the total forcen2-1 segments connecting the points spaced by intervals of
and the total moment of forces acting on each block are equat/n2 andb/nz, respectively, on the two bases. Small trape-
to zero. This is the condition of quasi-static equilibrium of Z0ids obtained in this way are called “cells.” The coordinates
the system and at the same time the condition of minimumX, ¥ in Egs. (5) and (6) and the inelastic displacemepts
energy. The forces arising from the specified movements ofi in Egs. (9) and (10) are supposed to be the same for all
the underlying medium and of the boundaries of the block-the points of a cell and are considered average values over
structure are considered only in the equilibrium equations. Inthe cell. When introduced in Egs. (5-10), (13), and (14),
fact it is assumed that the action of all other forces (gravity, they yield the average (over the cell) of the elastic and re-
etc.) on the block-structure is balanced and does not caus@ction forces per unit area. The forces acting on a cell are
displacements of the blocks. obtained by multiplying the average forces per unit area by
In accordance with Egs. (2), (3), (5-10) and (13) the de-the area of the cell. The bottom of a block is a polygon.
pendence of the forces, acting on the blocks, on the transPrior to discretization, it is divided into trapezoids (triangles)
lation vectors of the blocks and the angles of their rotationsPy segments passing through its vertices and parallel to the
is linear. Therefore the system of equations which described” @xis. The discretization of these trapezoids (triangles) is

the equilibrium is linear one and has the following form performed in the same way as for fault segments.
The state of the block structure is considered at discrete
Az=b> (15) time t;=tg + i At whererg is the initial time and =1, 2, ... .

Nonlin. Processes Geophys., 15, 209-220, 2008 www.nonlin-processes-geophys.net/15/209/2008/



A. Soloviev: Transformation of frequency-magnitude relation 213

Table 1. Notations used in the paper and values of the parameters of the model of block structure dynamics

Parameters of the model of block structure dynamics

Thickness of the layer H=20km

Difference between the lithostatic and the hydrostatic pressure in formula (16) P=2Kbars

Parameters for time and space discretization Ar=0.001,6=2.5km

Parameters of the block bottoms in Egs. (2—4) (the same values for all blocks) K,=1bar/cm,W,,=0.05 cm/bars

Dip angle of a fault plane (the same value for all faults) a =85

Parameters of the fault planes in Egs. (9—11) (the same values for all faults) K=1bar/cm,W=0.05 cm/barsW;=10 cm/bars

Levels ofk Eq. (16) used for the determination of earthquakes and creep (the same values for all fa&@#8)1, H »=0.085,H;=0.07
Parameters for determination of strong earthquakes, D- and N-periods, and b-value estimates

Magnitude cut-off that defines strong earthquakes My
Parameters used for determination/afand N-periods Ap, Ay
Lower magnitude threshold férvalue estimates M;

The transition from the state atto the state at 1 is made s repeated and so on. Whenr:B for all cells the state of

as follows: (i) new values of the inelastic displacements  the block structure at timg, 1 is determined in the ordinary
va, 81, 8; are calculated from Eqgs. (4) and (11); (ii) the trans- way.

lation vectors and the rotation anglestat; are calculated The cells belonging to the same fault plane, in which fail-
for the boundary blocks and the underlying medium; (iii) the ure occurs at the same time, form a single earthquake. The
components ob in Eq. (15) are calculated, and these equa-magnitude of the earthquake is calculated from

tions are used to define the translation vectors and the angles |
of rotation for the blocks. M = 0.98l0g;S + 3.93, 17)

wheres is the sum of the areas of the cells (in ®nforming
the earthquake. The constants in Eqg. (17) are specified in
Earthquakes are simulated in accordance with the dry frictionacﬁqrdance W'éht# tfltjhand ﬁel.(' (13.5 LI:)' failure h d
model. Let us introduce the quantity is assumed that the cells in which a failure has occurred
are in the creep state immediately after the earthquake. This
_ | f1 (16) means that the paramet@t, (W,>W) is used instead o
~ P—po for these cellsin Eg. (11) to describe the evolution of inelastic
_ . . . displacementsi¥; may be different for different faults. After
wheref=(f;, /i) is the elastic stress given by Egs. (9) and each earthquake, a cell is in the creep state as lorg-&5,

(10); P is assumed equal for all the faults and can be inter_whereas wher < H; the cell returns to the normal state and
preted as the difference between the lithostatic (due to grav; =

ity) and the hydrostatic pressurgg, given by Eq. (14), is henceforth the paramet®r is used in Eq. (11) for this cell.
the reaction force per unit area. The valuePofeflects the
average effective pressure in fault zones, and the differencg Block structure under consideration and a catalogue
P—po is the actual pressure for each cell. of synthetic earthquakes
Three following values ok are assigned to each fault
plane:B>H > H;. If, at some time;, the value ok inany  The structure under consideration and its faults on the up-
cell of a fault segment reaches the leygla failure ("earth-  per plane are shown in Fig. 2. Six faults (four of them are
quake”) occurs (it is assumed that the initial conditions for boundary faults) form a square with a side of 320 km divided
the model satisfy the inequality< B for all cells of fault seg-  into four smaller squares. Values of the model parameters
ments). The failure is considered slippage during which theare given in Table 1. The medium underlying all blocks of
inelastic displacement; andg; in this cell change abruptly the structures does not move. The boundary movement is a
to reduce the value af to the levelHy. The levelH; isused  translational movement at a velocity of 10 cm per unit di-
in determination of the period of the creep state as describethensionless time. The directions of the velocity vectors are
below. shown in Fig. 2. The angle between the velocity vector and
After calculating the new values of the inelastic displace-the proper side of the square outlining a structure s 10
ments for all the failed cells, step (iii) of the scheme of simu- Numerical simulation of dynamics for the block structure
lation (Sect. 2.6) is repeated with the same values of the absainder consideration was carried out for a period of 1000 di-
lute displacements and rotations of the boundary blocks andnensionless time units starting from the initial zero condi-
the underlying medium. If after that>B for some cell(s) tion. The synthetic catalogue, which was analysed, contains
of the fault segments, the inelastic displacements are recakarthquakes that occurred during the last 800 units of the sim-
culated for this cell(s), step (iii) of the scheme of simulation ulation. The first 200 units were not considered to exclude

2.7 Earthquake and creep

www.nonlin-processes-geophys.net/15/209/2008/ Nonlin. Processes Geophys., 15, 209-220, 2008
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Fig. 2. The structure under consideratiom) @nd the scheme of Fig. 3. Frequency-magnitude plots for the whole synthetic earth-
its faults on the upper pland), The arrows show the vectors of quake catalogue. Dependence of the number of earthquakes on the

velocities of boundaries-4 are numbers of boundary sides of the magnitude is shown by green bars while cumulative FM plot (the
structure. number of earthquakes with magnitude not less th§nis shown

by brown curve.

the period that is needed in the model for quasi-stabilization
of the stresses after starting the simulation from the initial
zero conditions. The catalogue contains 41788 events in a b
the magnitude interval from 4.65 to 7.58. The FM plots are

given in Fig. 3. They show the number of earthquakes with 1%
magnitudeM (green bars) and the number of earthquakes _

= 10
with magnitude not less thavf brown curve (cumulative FM §_ §
plot). 1 1
0.1 0.1 (T Trmer]
4 Analysisof the synthetic catalogue 49 I\6/1 T8 49 A6/1 v 8

4.1  Definition of D- and N -periods Fig. 4. Cumulative FM plots referred to one unit of dimensionless

. . . . time constructed separately for- and N-periods for the synthetic
We try to find difference in the behaviour of background syn- earthquake catalogue of the whole structweén/) is the number of

thetic seismicity during the time intervals preceding strongearthquakes with magnitude not less thih: red curves concern
earthquakesy-periods) and time intervals that do not pre- events occurred during-period, blue curves — duringy-period.
cede strong earthquake®/{periods). Strong earthquakes D- and N-periods are determined withp=7.37, A p=Ax=5 (a)
are earthquakes with magnituge> Mo whereMy is certain andAp=Ax=3 (b).
threshold.

We consider the following definition dd- and N-periods.
Let Ty, T, ... moments of strong events; (1>T;). We use
two parametera p>0 andA x>0 and separate each interval y_intervals. X-intervals are introduced to exclude intervals
[7i, Ti 1] between two consecutive strong events into threeyhen the background seismicity is subjected to a strong event

non-intersecting intervald-interval, [I; ;1 1—Ap, Ti+1); X-  occurred before.
interval, (T;, T;+Ax); andN-interval, [l; +Ax, T; 11— Ap).
If T;+1-T;<Ap then the whole intervalT¢, T;+1) is con- The behaviour of the background synthetic seismicity is

sidered asD-interval. If Ap<T;11—T;< Ap+Ax then characterized using the description of the FM distribution
the interval (;, T;+1) is separated intd- and X-intervals  as given in Eq. (1) for earthquakes with magnitude: M.
only without N-interval, andX-interval in this case isT, The FM distributions are obtained separately forand N-
T;+1—Ap). D-period is a combination of ab-intervals de-  periods. These two distributions and their description are
termined by this way an@-period is a combination of all then compared.

Nonlin. Processes Geophys., 15, 209-220, 2008 www.nonlin-processes-geophys.net/15/209/2008/



A. Soloviev: Transformation of frequency-magnitude relation 215

Table 2. Estimates ob-values of FM relations obtained separately far and N-periods for the whole structur@{y=7.37; uncertainty
limits of the estimate@-value are given for the confidence probability 0.95.

Parameters for determination Bt and N-periods P (My) N (My) N (M) — bP (M)
M; =55

Ap = Ax=5 (Fig. 4a) 0.67040.0078  0.68540.0244 0.0150

Ap = Ax=3 (Fig. 4b) 0.66940.0087 0.673%0.0175 0.0037
Mt:6.0

Ap = Ax=5 (Fig. 4a) 0.78930.0117  0.895+0.0427 0.1058

Ap = Ax=3 (Fig. 4b) 0.78530.0129 0.84140.0285 0.0563

4.2 Quantitative measure of the difference between FM dis- 1
tributions

If a magnitude rang@/> M, is considered then thig-value 09
of FM plot in this magnitude range can be estimated as fol-
lows (Aki, 1965)

R N(M,)

bM) =110 S (M — M)
M;>M;

(18)

where N (M;) is the number of earthquakes in the consid-
ered part of a catalogue with magnitude not less th&an 06
M; — magnitudes of these earthquakes. Equation (18) gives
a maximume-likelihood estimate of thevalue and is used
to estimate theb-values separately fob- and N-periods 05
(bP(M,) andb" (M,) respectively) determined in the cata-
logue considered above. The difference betwe/,) and

bN (M,) is used as a measure of the distinction between FM 04 — T T T T T T T T

distributions obtained fob- and N-periods 72 73 /ﬁ 75 76
0

Value of b
\HH\H\‘\HHHH‘HH\HHT\\\\HH‘HHH\H‘\HHHH‘

4.3 Analysis of the whole structure
Fig. 5. Dependence df?(6.0) (red curve) and” (6.0) (blue curve)

The number of earthquakes versus the magnitude (Fig. 3) hasn Mo; 52 (6.0) andy" (6.0) are calculated for the synthetic earth-
an explicit local maximum in the magnitude range betweenduake catalogue of the whole structure using Eq. (18)feand
7.3 and 7.4. This maximum is attainedMdt7.37. Accord- N-periods respectively.D- and N-periods are determined with a
ingly to the definition of the magnitude in the model and geo- current value oMo andA p=A x=3. Dotted curves show limits of
metrical sizes of the structure under consideration this valud"® confidence interval for the confidence probability 0.95.
corresponds to an earthquake that covers completely one seg-
ment of a fault plane (in the structure under consideration all
segments of the fault planes have approximately the same/-periods. The plots foD-period demonstrate considerable
square). This value has been preliminary taken as the magndeficiency of events with small magnitudes in comparison
tude cut-off that defines strong earthquakes Mg=7.37. with the plots for N-period. In the range of large magni-
Figure 4 shows cumulative FM plots constructed sepa-tudes (/>7.0) the incidence of the plot fav-period ob-
rately for D- and N-periods determined by using the defi- tained withA p=Ax=5 (Fig. 4a) is appreciably greater than
nition given above (Sect. 4.1) withp=A x=5 (Fig. 4a) and that for D-period. The similar phenomenon was found for-
Ap=Ax= 3 (Fig. 4b). Values ofAp, andAx are given in  merly for observed seismicity and in models (e.g., Narkun-
units of the dimensionless time. The number of events usedkaya and Shnirman, 1994; Rotwain et al., 1997; Zaliapin et
for constructing the plots is referred to one unit of dimen- al., 2003). Results of calculation of tlhevalues separately
sionless time, i.e. the numbers of earthquakes for differenfor D- and N-periods §”(M;) andb™ (M,)) by means of
magnitude ranges are divided on duration (in units of dimen-Eq. (18) with two values oM, (5.5 and 6.0) are given in
sionless time) oD- and N-periods respectively. Comparing Table 2. Uncertainty (confidence) limits of the estimated
the plots one can see difference between FM plot®foand b-value are calculated here and below in accordance with
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Table 3. Estimates ob-values of FM relations obtained separately for and N-periods for the seismicity of the Southern California,
Mp=6.4; uncertainty limits of the estimatégvalue are given for the confidence probability 0.95.

Parameters for determination Bt and N-periods P (My) N (My) N (M) — bP (M)
Mt:4.5
Ap=Ax=3 years (Fig. 9a) 1.1330.0569 1.43720.1872 0.3040
Ap=Ax=2years (Fig. 9b) 1.12040.0615 1.351#0.1179 0.2313
Mt:5.0
Ap=Ax=3 years (Fig. 9a) 1.22890.0933  1.5986:0.4461 0.3697
Ap=Ax=2 years (Fig. 9b) 1.14360.0929 1.55110.2568 0.4075
09—  -—---- 0
----- 1
i Q Q
ke ks
il 3 3
. L N
0.85 —|
Q | 72 725 7.30 735 74
ks i .
s ¢
® E
> - o E Ko}
0s Y B
2 S 3 S
0.8 7;
(6.0
! 0-77\\\\‘\\\\‘\\\\‘\\\\\‘( )
_ 72 725 73 735 74 72 725 73 735 74
0 MO
075 | | | | |
0 1 2 3 4 5 Fig. 7. Dependence o062 (6.0) (red curves) and™ (6.0) (blue
A curves) onMg; bP(6.0) andb? (6.0) are calculated for the syn-

thetic earthquake catalogues of the boundary fault planeg, 2 (
Fig. 6. Dependence a”(6.0) (solid red curve) ant" (6.0) (dot- (b, 3 (), and 4 () using Eq. (18) forD- and N-periods respec-
ted curves) omAp, and Ay; bP(6.0) andb™ (6.0) are calculated tively. D- and N-periods are determined with a current value of
for the synthetic earthquake catalogue of the whole structure usingo0 andA p=Ax=3. Dotted curves show limits of the confidence
(18) for D- and N-periods respectivelyD- and N-periods are de-  Interval for the confidence probability 0.95.
termined withMg=7.37 and current values &, andAx. Note
that D-period and therefore? (M;) do not depend on x.

Mgy whenAp=Ax= 3 and Fig. 6 shows their dependence on

Ap andAyx whenMy=7.37. Figure 6 demonstrates stability
Molchan and Podgaetskaya (1973). One can see that in aif the result to variation of values p andA x whenAp>2
casesh? (M,)<b™ (M,) but differenceb” (M,)-bP(M,) is  but as follows from Fig. 5 the relationshi? (6.0) <b" (6.0)
larger than the uncertainty limits of the estimatedalue s valid in a narrow magnitude range abauy=7.37. The
only if M,=6.0. last can be explained as follows. By definition (Sect. 2.7)

To check the robustness and the stability of the results witithe synthetic earthquakes are formed from cells belonging to

respect to parameters that determine strong earthquakgs (  the same fault plane. Behaviour of the background seismic-
and D- and N-periods Ap and Ay)b?(6.0) andb™ (6.0) ity changes before a strong earthquake mainly on the same
were calculated with different values of these parametersfault plane where this strong earthquake occurs. When the
Figure 5 shows the dependencebdt(6.0) andb” (6.0) on background seismicity of the whole structure is considered
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Value of b

Comparing Figs. 5 and 7 one can see that for the fault planes
1 (Fig. 7a) and 2 (Fig. 7b) considered separately the magni-
tude range wherg? (6.0)<b" (6.0) is essentially wider than

09 — a 09 — b a b
] ] 100 100
08 7 b(6.0) 10 10
2 ~ ] - =
ks k] i \ -3 .:I: oz Pt E 1 § 1
3 8 oo o < <
N g 1- 0.1 0.1
0.75 — 0.01 0.01
1 bD(6 0) 4 5 6 7 4 5 6 7
O T M M
0 1 2 3 4 5 . .
A Fig. 9. Cumulative FM plots referred to one year constructed sepa-
rately for D- and N-periods for the seismicity of the Southern Cal-
b d ifornia, 1932—-2006§ (M) is the number of earthquakes with mag-
09 7 09 nitude not less than): red curves concern events occurred during
] D-period, blue curves — duriny-period. D- and N-periods are de-
. bN©.0) termined withMp=6.4,A p=Ax=3 years §) andA p=A x=2 years
0.85 i 0.85 4° : : : : (b)

Value of b

0.75 — 0.75
] b°(6.0) in the case of the whole structure.
. Figure 8 shows the dependence81(6.0) andb” (6.0) on
07 T T e i s e e Ap andAx whenMp=7.37. One can see thatAf, is large
0 1 2 3 4 5 01 2 3 4 5 enough the relationship? (6.0)<b" (6.0) is stable with re-
Ay Ay gard to variations oA x. This figure does not change princi-

pally if another value oMy is selected from the range (7.20,
Fig. 8. Dependence af” (6.0) (solid red curve) ana" (6.0) (dot-  7.37).
ted curves) omp and Ay; bP(6.0) andbN (6.0) are calculated
for the synthetic earthquake catalogue of the boundary fault planes
1 @), 2 (b), 3 (c), and 4 @) using Eq. (18) forD- and N-periods
respectively.D- and N-periods are determined witlfp=7.37 and

current values ofAp and Ax. Note thatD-period and therefore . . . .
»P (M) do not depend o x. Seismicity of the Southern California has been analysed in

the similar way as the synthetic seismicity obtained in the
model. The data on seismicity of the Southern California

periods preceding strong earthquakes for some fault p|anegave been taken from The Southern Cal?fornia Earthquake
are mixed with periods not preceding strong earthquakes foPata Centre (SCEDC) catalogue. It consists of hypocentral
other faults and changes in thevalue before strong earth- information for 1932 through the present. The information
quakes are not seen. One can avoid this by considering th@" catalogue completeness and data sources can be found at

5 Analysesof seismicity of the Southern California

fault planes separately. the web site (SCEDC).
Earthquakes with magnitud® >Mp=6.4 are considered
4.4 Separate analysis of boundary fault planes as strong events and earthquakes with\l<6.4 are ana-

lyzed as the background seismicity. Figure 9 shows cumula-
The strong earthquakes occur in boundary fault planes of théive FM plots referred to one year and constructed separately
structure. These fault planes are marked 1-4 in Fig. 2. Wdor D- and N -periods that were determined witf,=A x=3
considered separately catalogues of synthetic earthquaksgars (Fig. 9a) and p=Ax=2 years (Fig. 9b). In the both
occurred in different fault planes, anbl- and N-periods  cases one can see difference between the plotefandN-
were determined for each boundary fault plane accordinglyperiods. Table 3 contains tlievalues calculated separately
to strong earthquakes occurred in it. The dependence ofor D- andN-periods by means of Eqg. (18). As in the case of
bP(6.0) andb™(6.0) on My when Ap=Ax=3 is shown synthetic seismicitp? (M,) is less tharb™ (M;). But when
in Fig. 7 separately for different boundary fault planes. Ap=Ax=3 years and/,;=5.0 differencé” (M,)-b" (M,) is
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Fig. 10. Dependence o6 (4.5) (red curve) and™ (4.5) (blue
curve) onMg; b2 (4.5) andb™ (4.5) are calculated for the seismic-
ity of the Southern California, 1932—-2006 using Eq. (18) for
and N -periods respectivelyD- and N-periods are determined with
a current value oMy and A p=A x=2 years. Dotted curves show
limits of the confidence interval for the confidence probability 0.95.

less than the uncertainty limits of the estimatedalue, and
s0,M,=4.5 has been used in the further analysis.

The dependence @ (4.5) andb”™ (4.5) on the values of
parameterMyp, Ap, and Ay is shown in Figs. 10 and 11.
Figure 10 shows the dependenceb8i4.5) andb” (4.5) on
Mgy when Ap=Ax=2 years. One can see from this figure
thatb? (4.5)<b" (4.5) for all Mo>6.0 but differencé” (4.5)

— bP(4.5) exceeds the uncertainty limits of the estimated
value only in a narrow magnitude range abd&fg=6.4. Fig-
ure 11 shows the dependencebdi(4.5) andb™ (4.5) on the
values of Ap and Ax when Mp=6.4 and demonstrates sta-
bility of the result to their variation when p>1 year.

6 Discussion

The calculations made for the model of block structure dy-

namics show thab?”(6.0) decreases droningly when the
magnitude cut-off for strong earthquakis increases from

Value of b

o
-

2 3
A, years

Fig. 11. Dependence afP (4.5) (solid red curve) and" (4.5) (dot-

ted curves) om\ p andA x; b2 (4.5) andb™ (4.5) are calculated for
the seismicity of the Southern California, 1932—2006 using Eq. (18)
for D- and N-periods respectively.D- and N-periods are deter-
mined with Mp=6.4 and current values &f , and Ax. Note that
D-period and thereford? (M,) do not depend on y.

ble explanation of this is that the preparation of the lager
earthquakes affects more (in terms of decreasinglue)

on the background seismicity. When the largest earthquakes
(Mo>7.37 for the model oMp>6.4 for the seismicity of

the Southern California) are considered this dependence of
bP(M,) on My does not occur. But in this case the number
of strong earthquakes is small, duration/afperiod is short,

and the estimate @f-value is unreliable that is seen from the
limits of the confidence interval df” (M;) given in Figs. 5

and 10.

Comparing Figs. 5 and 7 one can see that whir:7.36
bP(6.0)> bN(6.0) for the whole structure (Fig. 5) while
bP(6.0)<bN (6.0) for the fault planes 1-3 (Fig. 7a—c). This
can be explained by the fact that in the case of the whole
structure the number of strong earthquakes determined with
the magnitude cut-ofy<7.36 is very large, accordingly
N-period is very short, and the estimatebe¥alue is unreli-
able that is seen from the limits of the confidence interval of
bP(6.0) given in Fig. 5. Note that taking into account the lim-

7.2 to 7.37. This occurs both for the whole structure (Fig. 5)its of the confidence intervals given in Fig. 7 we can be sure
and for the separate fault planes (Fig. 7). In the case othat the inequality? (6.0)<b" (6.0) exists indeed only for

the seismicity of the Southern California (Fig. 185 (4.5)
decreases also wheWy increases from 6.0 to 6.4. Possi-

Nonlin. Processes Geophys., 15, 209-220, 2008

the fault planes 1 and 2 (Fig. 7a, b). The difference between
the fault panes 1 and 2 on the one hand and the fault planes 3
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