SE[SMOLOGICAL ‘;:VIDENCE FOR ADISCON NUITY -
~ IN SUBD UCTION Z00Es
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La magmtud local " '

nal al rec1proco de M
; ,sesgado Al analizar I | ‘ ; an ca
__sistemiticos con la profu Vi encxa suglere que 1as placas kde‘cendentes no tiene
. 7contmu1dad hasta profundxdades de 00 km, con cepcmn de la zona de subduccmn de
- ‘Tonga Kermadec que no demuestra mayores vanact es de b con la profundldad ~




- be used to monitor the changes of stress.

 The mean local magmtude M is mdependent of the rate of eatthquake ocurrence, and can

a region. Three estimators of carthquake size are

 discussed: the mean local magnitude M, the b-factor (related to the: recxprocal of M), and the

~_mean local moment Mo Only Mo is an unbiased estimator of earthquake size. An analysis of
the variation of b in some subductlon zones dlscloses syst‘ matic changes with depth. The

__ evidence suggests that downgoing slabs in subduction zones are not continunous down to
- depths of 600 km, excepting the Tonga-Kermadec subductlon zone whleh exhlblts no srgmﬁ-

_ cant vanatxon of b-values with depth ; k ‘

- nmouemon

“ The reahzatron of a pomt process X (xl) in three dlmenswnal space
mx, -1 2 3) may be called a space series. Some. statrstlcal proper-
 ties of geologrcal space series were drscussed by Matheron (1970) In

- :“_’many geologlcal apphcatlons the vanable X 1s a random functron of ,

. descrrbed bY 1ts local rnean

‘ and by 1ts local covanance 3;; o

. c<Ax>= al{ix(?}x;}fx! A)] =

‘;where (Axl) 1s a vanable radlus vector about (x ;). '

. The earthquake process 1s a pornt process Wthh takes place both
in the _space and time domams The energy E of an earthquake isa
_ random function of the x, as well as of t. Thrs situation is common

" in physrcs where transmons between the space domam and the tlme: .
domam are governed, by basic transformatlon laws. In the case,o‘f the

* For example, X might be the ore content of a sample extracted froma mineralrdepkosit.u

. g



,gearthquake process however no basrc relatron between the space ‘:
structure and the time structure has been proposed Hence the globaly .
- descnptlon of the process has encountered seemmgly 1nsurm0untable .

, rdlfﬁcultres

In th1s paperwe propose to unfold the earthquake process 1nto ,

_two mutually 1mbedded processes

(A) the Process of Event Recurrence N (E xl, t), where N is the
= ,‘(cumulatrve) number of earthquakes ‘whlch occur in. the state space .

Edefmed by energy E, spat1a1 coordmat s (%), and trme t
(B) the Process of Energy Partmon E (:

i 0). Where Eis the ener

gy of earthquakes in the state space defrned by the spatlal coordl—,fi .

nates (x ) and the tectonlc stressog.

_ This ch01ce of processes will be Justlfred later on Process A isseen .
;pnmanly as a trme series wh1ch results from a random samphng of .

Process B. An analogy may be drawn from mmrng, eg from a se-

"quence of gold drscovenes In this case the process can be unfolded .

~ into an underlyrng space series (the gold ﬁelds) and the trme serres . -
of random stnkes It is clear that the probabrhty of occurrence of an

_event of size E depends on the size, location, and time of occurrence

jof all earher events; but it also depends ina very real physical sense, .
on the actual drstnbutlon of E (x) in the earth. The latter is mde-r .
' fpendent of the random samphng process except 1nsofar as reserves "

_ are depleted after each event,

THE PROCESS OF ENERGY PARTITION .

Con81der the random process E (x o), of earthquake energres as a[ .
- functron of thelr location and of the tectomc stress. Clearly, the: .
- energy also depends on other varrables such as. the fault area and the*
‘effrcrency of se1sm1c wave generatlon but these vanables are part of . .

the local tectonic setting and may be englobed in the general depen- .

_dence of energy on locatron X,

Among all possrble measu ‘sf of earthquake srze the i'nergy 1s physr- . ‘1,‘
cally the most natural and plausrble but technrcally the least conve-

nient as it is not readily accessible to direct estrmatronkfrom SGISmIkC-f .




“ ‘_stresses o over the earth 1mp11e

. 0) must exrst everywhere on earth at some surtable scale

uakes are only generated on'

It 1s also true of course that ea

- 'i“fk;faults and that faults (though common to alll geologlc env1ronments)‘

. ee‘irelatron

M -0 we fmd

~ are discrete features This md'cates that the mean magmtude cannot .

;:ﬁ‘{be treated as a stnctly contmuous varrable in the same sense as the
. - tectomc stress can. However the dlscontmuous mrcrostructure of

arthquakes 1n space may be statrstrcally evaluated and taken into ac- ‘
__count, as has been done for the so-called nugget effect” drscussed‘ .
‘ ?jby Matheron (1970)‘._ ‘ . ~

. N(M) a—bM

‘f‘where N is the cumulatzve number of earthquakes Wthh exceed' .
kmagnrtude M ‘ “

(3 ),

An mterpretatlon of the parameters a and b has been provrded (Eps-‘* .
fftem and Lommtz 1966 Lommtz 1966a) In eq (3) if we put ‘

1og10 N(O)—> ‘:' " f'f*“‘f? :“f‘(‘.‘y)‘.

“Tgnumber of earthquakes of magnrtude greater than Zero whrch are ex-

pected to occur in the region during the samphng period.

We may normahze equatron 3). Notmg that 1-N/N(0) is the cumu-
k ilatrve drstrlbutlon functron F(M) as commonly defmed 1n statistics,
we fmd ‘ ~ ‘

““:“mdrcates that the parameter a measures the logarlthm of the .



"ewhere fM) = dF/dM is the frequency dzstrzbutzon (or probabﬂ1ty den-‘_‘ .
_ sity functlon) of the magmtude M .

The average magmtude may be e imated dn'ectly as the mean of .
; '1ts frequency dlstnbutlon'* - . .

MionaMs 15 (8) .

'i f,z/!' ?'f
=

ThlS result affords an nnmedlate Vkmterpretatlon of (3 as the remprocal*f:

of the mean magmtu ' eforn the regi . . iy‘
, Example In California, Epstem nd,‘Lomm‘cz (1966) found thef .
followmg Values of the parameters‘ ona yearly bas1s) -

If 1nstead of cons1der1ng’a‘sample of earthquakes of magmtude M‘ ‘; .
> 0, one w1shed to. 1ntroduce an arbltrary lower threshold Mm " the .
‘ frequency dlstrzbutwn (7) Would become

f(M) ﬁ eXp [ 5(M Mmm ) ]9 . M> Mrnm - . k | (9) .

*and th mean magmtude .

. 1y




. whlle the estrmated total number of earthquakes in the sample be-‘

logm N(Mmm> | Mmm‘

Thus in the above-quoted example, if one sets Mmm — 40 one

“"‘;obtams M= 4 5 and N@4. 0) — 31 1e., the expected yearly number of r

‘fshocks (M > 4 0) in Cahforma 1s 31 and their expected mean magni-

 tude is 4.5. These estrmates are m exce]lent agreement wrth observa-'

;ytlons for the period 1932-1964. . . .
. The normahzatron of the magmtude-frequency relatron 1s an essen—tpﬂ‘ -
;j,tral step towards 1nterpret1ng 1ts parameters a and b in terms of the

isample size N and the mean magmtude M. We have shown that a =

logy o N(O) is a normahzrng factor whrch drops out of the magm—p

ftude-frequency relation. : ~
~ What is the dependence between the mean magmtude and the‘ .
‘number of earthquakes per unit time? Thrs questron is now seen to

‘**jf_be equrvalent to. askmg about the dependence between the parameters f

a and b. Several authors (Gutenberg and Richter, 1954 Mryamura . “

r 1964; Isacks and Ohver 1964 Duda, 1964 Karmk 1965 Evernden
. ;‘ 1970) have suggested that the b-factor is a constant for each reglon ~

Since the rate of earthquake actrvrty fluctuates in t1me the cons- ‘k

tancy of the b-factor Would lmply zndependence between the para- ,‘

 meters a and b. This assumptron has been‘ tested for aftershock se-

f;quences Where the rate of actmty decays ‘aprdly wrth: ime. It was ‘
. ,found that the mean magmtude M remamed

i‘“‘each of the Cahfornra sequences tested (Lomnrtz‘ 1966b) In statis-

. act1v1ty changes rapldly

tical terms the probabrhty of obtamrng an aftershock of magmtude . .

M is the same at any time, even though the rate dN/dt of aftershock .

¢(M N)~f(M)g(N) (12)

{‘Wthh indicates that the joint distribution of aftershock magnitudes:
; " and earthquake 1ncrdence s the product of the margmal d1str1but10ns

¢ ed constant durmg’



I M and N are 1ndependent SO are a and b Th1s result was tested‘ . S

 and confrrmed for Chile (Lommtz 1960), Japan (Hamada and

‘ Hagrwara 1967) and New Zealand (Hamﬂton 1966) Presumably,y; f
the. 1ndependence of M and*N means that the depletron of regional
_stress by aftershocks is neghglble otherwrse the mean tectonic stress
| should decay s1gn1ﬁcant1y, producmg a notlceable decrease in the

mean magmtude durmg the sequence Thrs result may seem surprrsmg

at first srght because the strain release of aftershock sequences is not

negligible in terrns of the strarn release of the main shock However“e - k

- the total energy of the aftershock sequence rarely exceeds 10% of the

_energy of the marn shock It has also been suggested on thermodyna-}

mical consrderatrons that the stress drop due to the main earthquake;f:ﬂ .

~ should be expected to mduce a compensatrng ﬂow of stram energ :

_ towards the aftershock region; this influx of new energy migt

sufficient to sustain the reglonal tectonrc stress at a quasr—statlonary

level (Lomnrtz 1961). ~
_ On the other hand, the frequency of aftershocks (not therr mean} .

‘ magnltude) does depend on the tlme of o ;urrence of prevrous:

‘shocks A detailed analysrs suggests that the probabrhty of occurrence‘* .

is strongly 1ncreased by aftershocks whose magnrtude is large in com-
';panson ‘with the mean magmtude of the events bemg tested (Lommtz
_and Hax, 1966). .

In conclus1on the chorce of the earthquake energy space serres as{_ .

the underlyrng process appears Justrﬁed on the followmg grounds .
(a) Earlier work on the magnltude-frequency relatron indicates that
_the local mean magnrtude M tends fo be constant ‘
‘ (b) Statrstrcal tests on aftershock sequences show that the local -
_mean magmtude M is quas1-stat10nary during a sequence. -

(c) On the other hand, studles on the structure of aftershock se-

_quences indicate that the rate of occurrence. dN/dt depends on the .

magnltude and time of occutrence of prevrous shocks.

(d) Laboratory studies in rocks have suggested that ﬂuctua’uons n

b may be attnbuted to changes in stress (Scholz 1968)

 These observations do not, however, justify the followmg assump-f“ .

‘ : trons whlch are sometlmes 1mphcrt1y made




. ;,*?(Matheron, 1970).

. ﬁcondltlon

. where cIJ is the covanance an the;;un are parameters of Lagrange -

. - 3) Furthermore it | is not Jjustif ed to assume that the mean local { .
V :’f“magmtude corresponds to the earthquake w1th the mean local energy‘ .

‘ fE in the region. o ,
Suppose that we attempt to estlmate E (xl) by addmg the magmtu— .

. :.fdes in the region, dividing by the number of shocks and using the

javerage thus obtamed to compute E through some formula such as




10810 E = 1 5 M + 11 4 . (16)1 :

. fior its equlvalent Note that all these formulas make M proportlonalif‘ : .
_ to the loganthm of E. But the mean of the loganthm of a posmvefi'
- varlable X 1S always smaller than the loganthm of the mean ‘

f‘“‘ (1°gX1 +1ogx2 +10gx )<_g_*>‘<f+x2 +x )/n] (17);- .

. ThlS may be proved by takmg antﬂoganthms of both srdes

=~(X1~X~:--- xn)‘/‘;‘% < v(xl+‘x2;+-‘-:-fx~,,f) h . 5
‘leadlng to the well-known result that the geometrrc mean of a pos1—ﬁ‘l .
tive random varrable is smaller than the arrthmetxc mean Therefore .

the mean magmtude M 1s a 'blased estlmator of E whrch 1t systema—
k _tmally underestlmates ‘ .

MEAN LOCAL MOMENT AND STRESS DROP

Frorn the expenments by Scholz (1968) we know that ra1smg thef*
 stress will lower the b-value of mlcrofractures in a rock, and vice ver-
s Thus, in a Iaboratory srtua’uon it is ‘posmble to snnulate a depen—"‘

Hanks and Wyss
source proposed by;

ff prestressed elastm medlum The in al hearkstress over A is 01 andk .
the fmal stress after rupture 1s02 Th ;stress drop 1s ‘

-

; ¢ dis ‘ms‘ the average -
f radlus of the area of rupture and k is a correctlon for fault geomew




. :f‘try The stress drop can also be expressed m terms of the selsmlc -

- _;‘,Qmoment Mo

,‘ ;f,‘i‘:‘Fmally, the seismic moment 1s related to the sersmrc energy E and tof -
_ the average stress (o m the reglon by ~ ~ ~

. where n is the sersmlc effrclency and

. ~:fr0m Eq. 21), that the seismic

Usmg average values of u and no fo' gthe earth S hthosphere one fmds, -
. ,;koment 1s roughly proportlonal to
_ the seismic energy The empmcal relatron between sersm'cg moment
- ‘f‘and surface-wave magmtude Mis \ ‘ ‘

gy M, 19 oy )

'~ :“"where Mo 1sk‘1n dynes cm (Brune 1968) ~ - .
Hence he seismic moment iall . proportronal to the fault

ff: ‘area and to the stress drop The distribu on of fault areas is presu-r

- i*magmtude frequency distributi

. ;g,mably a constant in any g1ven reg1on For a hrghly Omplex thoroughly .

‘[ ffractured reglon the ;fault sizes rare well gradedw the slope of the '

S well-defmed and the b-value s

low. On the other hand, if the regmn contams but a few! major struc-f -

f~tures the slope of the magmtude-frequency d1str1but10n may be bro- k

ken 1nto several segments or otherwise poorly defined. For example,
,deep-focus earthquakes in the Andean regron in the magmtude range ‘

6 5 — 7.0 are nearly twice as frequent as in the range 5.5 — 6.0 k

- ‘(Acharya 1971) Neither the b-value nor the mean magnitude give an

1dea of the true dlstnbutlon of energres Flgure 1 compares the mag—




:kONALr_

nrtude—frequency graph for Andean deep earthquakes wrth the drstrr- .
butron of energy release Notice that by far the largest amount of
‘ energy is released m the magnrtude range 6.5 — 7.0; yet the b-value is

s

. 0.28+0. 09, whrch yields an estrmated mean magmtude of 5.55. Hence ,
_ the mean magmtude is not representat1ve of the mean energy content .

_ of the shocks in the regron . ‘ ;
It is clear that no smgle parameter is sufﬁcrent to fully defme the .

seismic source. However a quantrtatrve experrmental measure of the

“size” of an earthquake is desirable. Because of the inherent uncer-ﬁk

_ tainty of energy determmatrons the magmtude M has tradrtronally .
been used for this purpose .

Unfortunately, the mean local magnrtude M yrelds a brased mea-;; ‘~

sure of the average size of earthquakes in a region. Since the sersmrc“ ‘
moment is a linear combmatlon of the relevant source parameters in-
cludmg the energy, the ngldrty, the mean tectomc stress and the effr-} ‘
crency of seismic energy conversron it seems convement to use the.

__mean local moment M, as a consistent and unbiased measure off .
earthquake size. The mean local moment affords a quantitative diss.

cussion of mean ‘sour‘ce“pararneters in a region, while the mean magni-
tude M should be used as a relatrve yardstrck for comparatrve pur—“*
poses only ‘ .

~ MEANMAGNI@DE‘VARMTIONSQIN-SUBDUCTION Z'ZONEs .

The large amount of data on b—factors in the hterature can strll be

used to resolve major quahtatrve problems The well-known result by .

‘Suyehrro (1966), Who found a srgnrfrcant mcrease in the b—value after

a large earthquake may be mterpreted as a decrease in the mean lo- .

cal magmtude due to the stress drop assocrated wrth the main shock.

Important vanatlons of the b-factor with depth were found in certami“ -

subduction zones (Gutenberg and chhter 1954 Duda, l964) These |
‘ vanatrons indicate that the mean magnrtude M may change as the:-
_ lithosphere smks 1nto the earth’s mantle ‘ ~ ‘
As the slab srnks into the mantle the increases in temperature and ‘
hydrostatrc pressure rmght concervably weld the fault surfaces toge—‘




_ ont affecting the general shape of! “_e‘drstrlbutlon An increase in
"_‘the mean fault a‘, seems very nhk‘ly as the slab of llthospherei,;y
‘ ;penetrates to increasing depths . -

,«,;Jrrespectlve of‘_s1z‘s ‘l“shoul te"d; to “reduce the mean fault area wrth- -

The observed decrease in the b—factor should therefore reflect ans . .

. chrease of stress with depth Frgure o shows the mean magmtudes
. for several subductron zones around the Pa<;1f1c Ocean as. computedi‘:

_ from b-values (Acharya 1971). If the slabs are continuous down to

toward an mcrease in dev1atonc stress 0 with depth Wyss (1970),
 Wyss and Molnar (197: s
. apparent average stresses no for South Amerlca and Fur-Tonga andip .
“;*M‘have reached the conclusmn;that the stresses of deep-focus earthqua- “
.  kes are the same or lower th, n‘at normal depths in the same reg1ons _

- thuS “ requlres a dlfferent explanatlon The followrng POSsrb ﬂltles“nf
. ;{;are suggested .

2‘,‘ The sersmlc efﬁcxency n decreases wrth depth -
3 The mechamsm of earthquakes is drfferent at great depths

' Qdown to depths of 700 j hereas mo‘s of the other subductlon

. zones are interrupted by wide gaps at intermediate depths. -
The quest1on about the relatronshrp between hthospherlc slabs and ~i

~ depths of 700 km and if the drstnbutlon of fault sizes is the same at
all depths these mcreases in mean magmtude mdrcate a tendency*'[ .

) and Molnar and WYSS (1973) have computed .

ic evrdence suggests that thrs subdu‘ ‘ 1on zone is contrnuous; .

~'*sersmrcrty has been drscussed in many recent artrcles It has become
_increasingly clear that a significant. proportmn of shallow earthquakes .

_ occurs outside the downgomg slab; the source parameters of these

,shocks scatter wrdely from those assomated wrth the slabs themselves




but not srgnrfrcantly, Iower than near the surface Hence it wou
o appear that the max1mum fault size decreases w1th depth 1n the Fi
Tonga subduction zone. ‘ ~ ~ ~

1 ffact whrch Would account for the1r
~ sence of low stresses ~

(Wyss and Hanks 1972) However untrljnowit was assumed that 1n-‘k
termedlate and deep focus earthquakes at least do occur wrthm the

_ plates of s1nk1ng hthosphere Isacks and Molnar (1971) have suggested( ‘

_ that the observed gaps in selsmlc1ty below 1200 km may beducto
V changes in physrcal parameters at depth and not necessarrly toa lack‘ -
of physwal contmmty of the hthosphenc plate 1tself as indicated by

the present results Acharya (1971) assumed that the drfferences in .

‘b-values observed in deep-focus earthquakes were caused by the ex1s- .
_ tence of stress variations between dlfferent subduction zones at a. 6
~_ ven depth Accordmg to thls assumptron one Would predlct hrghg_ ~
. stresses in the deep—focus zone under South Amerlca, contrarﬂy o
- the f1nd1ngs of Wyss ( 1970) ‘ . . c '

CHANGES IN MAXIMUM MAGNITUDE

Note also the change m maxrmum magmtudes alon

glven subdu‘c- . .

tron zone. (flg 3 \The largest observed magmtudes consrstently
decrease from the surface toward k
“;magnltudes increase in the same dlrectlon In the case of the Tonga—Ful -

ile the mean -

e‘deep-focus zones,

subduction zone there isa smooth decrease of max1mun magmtudes

‘ w1th depth even though the mean magnrtude rem ams constant

ce that the slab is contmuous and tha “‘\he,dlstrrbutron of f fault areasf
changes httle wrth depth The apparent average stress may be slightl

In South Amenca thrs decrease is comblned w1th a sharp drop
the avaﬂable stress. South Amerlcan deep-focus earthquakes are con—
centrated in drscrete ‘nests”, with diameter as small as 10 km
seems hkely that these nests have a very srmple tectomc structure a
j1gh mean magmtude 1n the pre-




. ‘ceNCLUSIONs: .

Statrstrcal propertles of earthquake trme series may be used to in-

c {k troduce rmportant restramts on the physmal reahzabrhty of models of - ‘,

Jsubductron zones. ~ . \ ~ .
 An mterpretatlon of the b-factor in terms of the mean magnltude
‘ jleads to the follong qual1tat1ve conclusrons - - ~
. At any given depth level a low b-factor may be correlated w1th‘ .
fﬁa high mean magmtude for a reglon . . .

2. With the exceptlon of the Tonga—Ful arc (and possrbly Kam-
. ":chatka-Kurlles-J apan) _most c1rcum-Pacrflc . ubductron zones lack con-
. “;tmulty (in the sense of conservmg their 1dent1ty as one contlnuous .

. "‘k-t:;SIab of llthosphere) down to depths of the order of 700 km
3 Deep—focus nests under South Amenca probably have a simple

- earthquakes at low stresses . ,
The observ d decrease in maxrmum magnltude with depth is

;j‘consrsten “ ‘wrth the vanatlons 1n apparent stress found by Wyss and
Molnar ‘ :
~ In this respect 1t should be noted that the maxxmum magmtude

epth of 100— 150 km (flg 3);?.;Th1s is srgmflcant in v1ew of the fact

‘;‘f}stresses assocuated w1th 1ntermed1ate depth earthquakes

local momen Mb should preferably be used mstead of the b-factor or

the mean magnitude M. .
It should be pomted out that most large earthquakes may be ex— ,

. ;[shocks (whrch are the most numerous events 1n any earthquake sam-

. ple) are representatrve of a state of stress depletion. Hence the
~‘ b-factor will (in general) be correlated with low stress levels during
q,_penods of hlgh actlvrty, rather than w1th average stresses durmg the: k

. “‘tectomc structure whrch allows them to generate large-magmtudek, ‘

‘ﬂdoes not _begin to decrease nnmedlately, but . remams constant toa

that Wyss (19‘70) and Wyss‘and Molnar (1973) found relatlvely hlgh','~

: ‘fpected to occur at a stage of hrgh stress level in a region, ‘while after- |



long penods of selsmrc quret Wthh precede a large shock
The relatively low ib-values observed in deep . earthquakes may
~ partly be attnbuted to the fact that aftershocks are 1nfrequent at great
_ depth. The b-val"’

case, than in the case of shallow earthquakes Wthh contam a large“
proportlon of aftershocks ‘

oo
ANDES 550-700 KM

100

40

| e

Fxg 1 Deep-focus earthquakes under the Andes, 1961 66 (a) Magmtude—frequency graph .

_IS more representatrve of average stresses in this

after Acharya (1971). The b-value predrcts a mean magmtude of 5.55 (b) Spectrum of ener- .
gy release (m units of E) for the same data, showmg that ’che hrghest densrty of energy .

release oceurs in the range above m= 6 5




F1g 2. Mean magnltudes vs depth (1961 66) for various subduction zones around the Pacific

_ Ocean, as estimated from published b-values (Achayra, 1971). Dashed lines mark the depth
ranges where no earthquakes occur.




- Fis. 3. Max1munobserved magni udes vs eptﬁ,‘ :forh the same ‘szm‘lple as in flg 2
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