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Abstract

We investigate the effect on Gutenberg and Richters parameter b of the saturation of moment-magnitude
relationships caused by source finiteness. Any conventional magnitude scale measured at a constant period features
a saturation which results in a stepwise increase in the siope of the log;y moment-magnitude relationship. We
predict that this leads to an increase in b value with earthquake size. This is in addition to the effect of the physical
saturation of the transverse dimension of the fault, previously described in the literaiure. A number of scaling
models are used to predict the behavior of b with increasing magnitude, in the case of both the 20 s surface-wave
magnitude M, and the 1 § body-wave magnitade my,. We show in particular that a b value of unity can be expected
only in a range of earthquake size where the relevant magnitude has afready starfed to saturate: it should be the
exception, not the rule, and cannot be extended to a wide range of magnitudes, except at the cost of significant
curvature in the frequency-magnitude curve. The widely reported b = 1 stems from the common practice of using a
heterogeneous magnitude scale, e.g. M, for large events and m,, for smailer ones.

I. Introduction and background

The purpose of this paper is to explore theo-
retically, and test on a number of datasets, the
variation of the frequency-magnitude coefficient
b with earthquake size, owing o the influence of
source finiteness effects on magnitude—moment
relationships. We will describe populations of
shallow earthquakes (with depths & < 75 km) and
model them according to Gutenberg and Richter’s
{1954) relationship

fog g N=a—bM {1

* Corresponding author.

where M is a particular magnitude scale, and N
is the number of events in the group whose
magnitude is greater than M. Because of the
logarithmic nature of (1), a similar relationship is
found, with the same value of b, when using the
number of shocks dn in the magnitude window
{M, M +dM}. Throughout this paper, g will
denote a constant whose actual value may vary
from equation to equation.

The longstanding interest in 5 values goes
back to Gutenberg and Richter (1941), who first
noticed the ‘rule of tenfold increase’, and soon
after defined b through Eq. (1), proposing b = 0.9
for shallow shocks and various values greater
than unity for deeper events (Gutenberg and
Richter, 1934). In a more modern framework, the
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b value of a population of earthquakes has been
related to the fractal dimension D of the source,
under the hypothesis that the process of faulting
is scale-invariant. Turcotte (1992) has proposed
D = 1.8 on the basis of b = 0.9 for shallow earth-
quakes, based on Gutenberg and Richter’s (1954)
figure,

We refer to a recent study by Frohlich and
Davis (1993) for a review and perspective on
previous work regarding b values. These workers
discussed the influence of a number of parame-
ters on teleseismic b values. However, in all
cases, they constrained themselves to a ‘limited’
range of earthquake sizes, rarely exceeding one
unit of magnitude. This underscores the difficulty
in obtaining stable results (in other words, a good
tinear fit between log,,N and M) over broad
ranges of earthquake sizes.

This situation can be described and analyzed
in the formakism of Rundle (1989), who proposed
the following three-step argument to justify a b
value of unity:

{1} In a population of earthquakes, it is as-
sumed that the process of faulting is scale inde-
pendent. Then the number of shocks of a given
size, dn, is inversely proportional to their rupture
area, S.

(2) Scaling laws predict a dependence of the
form § = M§ between area and seismic moment
My, leading to

logy N=a —p log,, M, (2)

(3} The magnitude M involved in the fre-
quency—magnitude relationship scales as

M =g+ alog, M, (33

Under those conditions, one predicis a b value

b= E (4)
o

For relatively moderate earthquakes involving no
saturation of their dimensions, scaling laws pre-
dict B =2/3 (e.g. Geller, 1976); in addition, &
slope of two-thirds is often assumed between M
and the logarithm (base ten) of the seismic mo-
ment, and hence b = 1.

In a series of recent papers {Pacheco et al,
1992; Romanowicz and Rundle, 1993}, it has been
pointed out that a significant change in b value

results from the inability of fault dimensions,
notably fault width W, to keep growing indefi-
nitely with increasing earthquake size. As a re-
sult, a significant increase in b value is observed
around log,,M, =272 (Pacheco et al, 1992),
which Romanowicz and Rundle (1993) have in-
terpreted as expressing the simultaneous satura-
tion of W and of the sip Au on the fault. In this
so-called ‘W model’ (Scholz, 1982), the length of
faulting L is the only parameter which keeps
increasing with carthquake size (in the alternate
‘L model’, the slip would keep increasing with L
after W has saturated). Both M= u - LW, - Aug
and S =1 - W, {(where the subscript § indicates a
saturating variable) then grow proportionally to
L, leading to 8 =1 instead of 2 /3.

An additional and significant limitation to the
derivation of b =1 from Eqgs. (1)-(4) is the fact
that « = 2 /3 applies only in a very specific range
of earthquake sizes for any given magnitude scale
M measured at a fixed period T'= 2% /@, For
example, when considering the 20 s magnitude
M., it applies only in the range 6.76 < M, < 8.12,
when the reference angular frequency w,, =
27 /20 rad s~' is already past the cormer fre-
quency relative to the length L of the source, but
rermains smaller than those involving the rise time
7 and the width W of the fault (Geller, 1976). As
many ‘interesting’ {(i.e. large but not gigantic)
earthquakes occur in this regime, Kanamori
(1977) chose to involve a factor of two-thirds
when introducing his energy magnitude A,
which was designed to recast the computed value
of a seismic moment in terms of the more famil-
far concept of magnitude:

M, =%log,, M, 10.73 (5)

w

In other words, the domain where @ = 2 /3 is also
that where M, coincides with M_. For smaller
garthquakes involving no saturation of M, it has
long been observed that magnitudes M, com-
puted from (5) significantly overestimate M, (see,
e.g. Ekstrom and Dziewonski, 1986), and a linear
relationship (@ = 1) between M, and log,, M, is
both predicted theoretically (Okal, 1989) and ab-
served (Ekstrom and Daziewonski, 1986; Okal,
1989). Under those circumstances, (4) predicts
that b should drop from 1 to 2 /3.
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in the present paper, we explore theoretically
the predicted variations of b with earthquake
size owing to the influence of source finiteness on
magnitude, both in the case of M, and of the 15
body-wave magnitude m,,, and compare them with
observed b values computed from several datasets
including the Harvard centroid moment fensor
(CMT) catalog, and the Nationai Earthquake In-
formation Center (NEIC) database. In doing so,
we hope to shed some additional light on the
confused question of b values and their variation
with magnitude(s). To our knowledge, the influ-
ence on b values of the wvariation of o with
earthquake size has not been discussed {or ade-
quately separated from that of ) in the litera-
ture.

2. Freguency~moment relationships: § values

As explained above, there are two fundamen-
tally different reasons why b values should vary
with earthquake size. The variation in 8 ex-
presses a genuine physical change in the nature
and scaling of the earthquake source: the varia-
tion in o« merely expresses the inherent incapac-
ity of conventional magnitudes to describe large
earthquakes properly. In this respect, § values
(referred to as b values by Romanowicz (1992);
see also Molnar (1979)) are of course physically
more meaningful than b values, and could con-
ceivably become more universal, given that seis-
mic moments, now published routinely, have be-
come the preferred descriptor of earthquake size.

Fable |
B Values predicied and observed in this study
Dataset or model No. of Moment range B value Reference
sampies (logg) {dyn cm) (Fig.}
Fredicted theoretically
W model <272 2/3
>272 1
L model <272 2/3
> 272 1/2
Observed {this study)
CMT catalog 1977-1992 8015 =242 0.79
24.2-27.2 4.70 Fig. 1
> 272 1.31 Fig. 1
First half 4008 242-27.2 0.69 Fig. 2a}
>272 1.08 Fig. 2(a)
Second half 4007 242-27.2 0.71 Fig. 2(b)
> 272 1.42 Fig. 2(b)
Odd only 4008 242-27.2 0.6 Fig. 2(e)
272 1.04 Fig. 2(c)
Even only 4007 24.2-2712 0.70 Fig. 2(d)
> 272 1.54 Fig. 2(d)
Thrust 3694 242-27.2 0.64 Fig. 3(a}
>272 1.53 Fig. 3(a}
Normal 1201 242-28.0 .73 Fig. 3(b)
Strike-slip 1822 24.4-257 07 Fig. 3(c)
25.8-27.1 0.79 Fig. 3(c)
=271 1.15 Fig. 3(c)
(dd 1298 24,2265 0.69 Fig. 3d)
26.5-28 £.85 Fig. 3(d)
PPT (M) catalog 19871991 391 252-212 0.59 Fig. 6(b)
> 272 1.18 Fig. 6(b)
CMT catalog 19771992 {m, = 4.5} 8611 > 24,2 0.79
‘No-M,', events in CMT catalog 1583 =24 0,83
24.2-27.2 0.70
=272 1.32
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We refer to Romanowicz and Rundle (1993)
for a derivation of the theoretical values

B=% (My<Mg) (6a)
B=1 (M;>M7) {6b)

in particular, these authors have shown that the
so-called ‘L model’ (in which the slip Au is
controfled by the fault length L and hence does
not saturate with fault width (Scholz, 182)) would
lead to a decrease {8 =1,/2) rather than an in-
crease of B at large moment ranges. As for the
critical moment, M{ in (6), it can be related to
the saturated fault width W, by using an appro-
priate scaling law, e.g. Geller’s (1976) model of a
buried fauit:

M§ = 2ty Wy = Ao WS (7)

where e . is the rupture strain of the material,
or eguivalently, A¢ is the carthquake’s stress
drop. If Ao =50 bars, the observed value (log,,
Mg = 27.2) suggests W, = 30 km. In the case of a
fault breaking the surface, the two in {7) would
be replaced by a factor four. Width saturation at
the same physical depth would double the value
of M;. Conversely, it is probably illusory to envi-
sion a saturation depth W, defined world-wide
with a precision better than 25% (a multiplicative
factor 2'/%), and thus we will simply assume a
buried fault in the following discussion.

max

8015 CMT EARTHQUAKES 19771882

7 oooooonl,,

® £ = 070

& B = 1.31

0L ! : !
23 24 25 26 27 28 29

log,, M, (dyn—cm)

Fig. 1. Frequency-moment relationship for the dataset of
shailow (A < 73 km) events lrom the CMT catalog. {See text
for details),

2.1, Comparison with data

Following in the footsteps of Pacheco et al.
(1992) and Romanowicz and Rundle (1993), we
study the frequency—moment relationship for the
Harvard CMT catalog. Qur database, shown in
Fig. 1, consists of all 8015 events with shallow
centroid depth (A < 75 km), for the vears 1977-
1992, with resuits summarized in Table 1.

In this and all subsequent figures, the width of
the sorting bins is 0.1 unit of log,, M, (or of
magnitude). Individual crosses represent the
number of earthquakes in each bin; the other
symbaols relate to the cumulative number N, ie.
to the number of events with moments M, or
greater (or with magnitudes M or greater). B8
values (or b values) are obtained by fitting a
straight line to log,; N over specific ranges of
moment (or magnitude). Different symbols are
used for different ranges, and the corresponding
value of 8 (or b) printed on the right. Open
circles denote parts of the dataset not used in the
regressions, principally at low moment (or magni-
tude) ranges, where the completeness of the
dataset would be questionable. In all cases, the
figures are log—log plots with common scales, so
that —p (or —#h) is also the true slope of the
regression on the figure.

‘The change of 8 value previously described by
Pacheco et al. {1992) is of course immediately
apparent in Fig. I, with the lower moment popi-
lation (B = 0.7 following closely its predicted
behavior (8 = 2/3). We address the issue of the
robustness of the results through several experi-
ments. First, we consider only the first and sec-
ond halves of the dataset, split at their mid-point
in time, 9 April, 1986, Second, we split the dataset
into its even and odd numbers, and study those
populations separately (Fig. 2). The following
conclusions can be drawn from our results:

(I) Our study is in agreement with the W
model, as B is found to undergo a sharp increase
at the critical moment M.

(2) For M, < M{, the slope 8 =2/3 predicted
by the theory is also confirmed to within a few
hundredths of a unit. This slope is practically
constant over three orders of magnitude of M,
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suggesting that the physical nature of the scaling
of the source does not change below M§,

(3) The value of the critical moment, M¢ =
(1.5-2) X 10?7 dyn-cm, suggests a saturation width
W, =30-33 km, which would correspond to a
penetration depth A = 21-23 km, under the as-
sumption of a dip & = 45° of the fault plane.

(4) For M,> Mg, and owing to the rclatively
small size of the population, the value of B is
much less robust. In particular, it is to a large
extent controlled by the largest event in the
dataset, the 1977 Indonesian earthquake: any data
subset including this event yields B wvalues in
generally good agreement with the expected value
of 1.0; sub-datasets excluding the event result in
higher 8 values, of the order of 1.4. However, we
do observe that 8 increases beyond M to values
of the order of, or larger than, unity, which is in
agreement with the W model.

(5) We also wish to comment briefly on an
older study by Chinnery and North (1975), who
obtained a B value of 0.61 (in excellent agree-

4008 CMT EARTHQUAKES 1877-1986
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» 250 4
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o
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23 24 23 26 27 28 29
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= 25 o
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i ]
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!
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ment with the figure of 2/3 expected theoreti-
cally), over the full range of moments extending
beyond 10% dyn-cm. In other words, these re-
searchers did not find evidence for a critical
moment, and a change of B valuc at large mo-
ments. This discrepancy with modern results is
due to their practice of using as ‘moments’ {e.g.
in their Fig. 3) estimates based on interpreting
reported magnitudes (either M, or older scales
such as My, q): this procedure is notoriously un-
reliable for large events, due to the scatter in the
MM, relationship above 10%® dyn-cm.

The fact that the 8 value is exactly two-thirds
m the domain of earthqguake sizes where the
faulting is scale-invariant indicates that the frac-
tal dimension D of shallow e¢arthquakes is exactly
two.

2.2. Influence of focal mechanism

In this section, we investigate the extent to
which the above results could be affected by the

4007 CMT FARTHOUAKES 1986-1882
5.5 [ %] ; T ; T

5| () = £=o7

& 2= .42

logyq N
N
I

: | PR S
23 24 25 26 27 28 29
log,, M, {dyn~cm)

4007 CMT (EVEN) EVENTS 1977-1982

3.5 i OUDOQQQJ,U T T T

51 (d)

m B o= 070

4 8 =154

0l . ‘ .

! 1 i =
23 24 25 26 27 28 29
i0g,y MU {dyn—cmy}

Fig. 2. Robustness tests run on the Fig. 1 dataset. (a) and (b), first and second halves of the dataset; (¢) and (d), odd and even parts
of the datasel. (Note that the results are very robust for the lower moment range, less so for the farger moment range.)
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nature of faulting {strike-slip, thrust, normal, etc.).
We are motivated both by the obvious fact that
the saturation of W may take place under differ-
ent physical constraints for different geometries,
and by the work of Frohlich and Davis (1993},
who have reported variations in b values between
earthquakes with differing focal mechanisms.
However, for each of the populations they consid-
ered, their analyses were restricted to relatively
narrow ranges of earthquake size, which would
not allow a systematic study of the variation of b
values with magnitude. It should be noted also
that these workers used b values computed on
the moment magnitude M, : physically, these rep-
resent B values, and should be interpreted as
such after multiplication by two-thirds. Following
Frohlich and Apperson (1992), we sorted the
8015 events in the dataset into strike-slip, normal,
thrust, and ‘odd’ mechanisms, depeanding on
which, if any, of the moment tensor’s principal
axes 18 close to the vertical. To allow a direct
comparison with Frohlich and Davis’ (1993) re-

3694 THRUST EARTHQUAKES 1977-1982
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sults, we use their less stringent definition of
thrust faults (T axis within 8, = 40° of the verti-
cal, as opposed to 30° for the other families;
however, our results would not be altered by
taking 8, = 30°). Results are given in Table 1 and
Fig. 3.

(1) The behavior of the thrust family of sources
is basically the same as that of the whole CMT
dataset. This is not surprising given the mere
number of such events (3694 out of 8015, or
46%), which clearly conirol the whole population.
Our results are also in agreement with Frohlich
and Davis” (1993), derived for a narrow window
below M;: their b value of 0.86 for M, would
correspond to B = (.57,

(2) Normal faulting earthquakes exhibit a dif-
ferent behavior. Fig. 3(b) shows no clear-cut evi-
dence of a change in B values. [t must be empha-
sized that only three (out of a total of 1201)
events have a moment larger than the critical
moment for the whole population (M =1.5x
1077 dyn cm), and thus the question of the behav-

1201 NORMAL EARTHQUAKES 19771992

3L aonoo%l T
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[ : i L+ & g4t w1 e -
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Fig. 3. Frequency—moment relationship for the CMT dataset, sorted by focal mechanism, according fo the classification of Frohlich

and Apperson (1902).
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ior of 8 beyond M remains indeterminate. At
any rate, and with the exception of the largest
event, the population is very well fitted by a
straight line with a slope B=0.73, only slightly
greater than the value two-thirds predicted in the
absence of width saturation. The largest earth-
quake is of course the Indonesian event of 19
August 1977; it has been described either as a
decoupling event involving seismic rupture of the
entire lithospheric plate (Given and Kanamori,
1980) or as a source with anomalously high stress
drop but restricted fault dimensions (Fitch et al.,
1981, Silver and Jordan, 1983). In both cases
(albeit for different reasons), it would not be
expected to fit the W model of Romanowicz and
Rundle (1993): a high stress drop would violate
any scaling model relating ¥ to M,; a rupture of
the entire lithospheric plate would obviously vio-
late the concept of a shallow limit to the trans-
verse extent W of the fault. Extending either of
these properties to the whole population of nor-
mal faulting earthquakes would explain the con-
stancy of £ values throughout the moment range.
Our results are in excellent agreement with
Frohlich and Davis’ (1993) b = 1.06 (8 = 0.71).

(3} The case of the 1822 strike-slip events is
more intriguing. As shown in Fig. 3(c}, a signifi-
cant increase in B value with seismic moment i3
documented, but a sharp elbow is not easily de-
tined: although at lower ranges of M,, 8 ap-
proaches two-thirds, the transition to higher val-
ues is smooth. This observation would suggest
that the critical fault width W, is not unique
among strike-slip earthquakes, as would be ex-
pected from the variety of tectonic environments
in which they occur.

(a) Along transform segments of the mid-oc-
ean ridge system, the saturating depth, controlled
by temperature, will be a function of both spread-
ing rate and transform offset, but in all cases will
remain very small, at most 10 km. Indeed, the
frequency-moment relationship for the 828 such
events exhibits considerable curvature and cannot
be properly fitted by a straight line, even for
smaller earthquakes (Fig. 4(a)).

{b) We similarly process in Fig. 4(b) the 630
strike-slip events occurring in subduction environ-
ments, These earthquakes generally correspond

828 STRIKE=SLIP EVENTS (MOR Oniy)
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Fig. 4. Frequency-moment relationskip for the sub-dataset of
strike-slip CMT solutions with epicenters on the mid-ocean
ridge system (a) and in subduction environments (b). (Note
that neither can be fitted well by a single straight line.)

to complex tectonic regimes, such as plate kine-
matic conditions varying rapidly over short dis-
tances (as in the case of the Macquarie region),
decoupled strike-slip motion in convergent zones
(as in the case of Western New Guinea), etc.;
many are found to occur at significant depth
{beyond 50 km). The frequency—moment rela-
tionship is a complex one, with a lack of earth-
guakes in the range 10%-10% dyn cm. It cannot
be fitted well by a straight iine.

(¢c) That leaves a dataset of 364 strike-slip
events which occurred mostly on well-defined ma-
jor continental strike-shp faules (Fig. 5(a)), includ-
ing such systems as the San Andreas fault, the
Sumatra fault, the Motagua faulf, and the Anato-
lian and other major Asian strike-slip faults.
These faults are expected to be well modeled by a
ribbon-like structure, whose width Is confrolled
by the thermal regime of the continental litho-
sphere, but whose length is limited only by the
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Fig. 5. (a) Distribution of strike-slip events belonging neither
to the mid-ocean ridge system nor to subduction environ-
ments. (b) Frequency—-moment relationship for the dataset
plotted in (a). (Note slope of two-thirds at Jow moments, and
criical moment significantly smaller than for the global dataset
on Fig. 1.)

lateral extent of the tectonic province. As shown
in Fig. 5(b), the frequency-moment relationship
for this group is very well fitted by the theoretical

value §=2/3 in the range log,, M, < 26.5; be-
vond this, there is some suggestion of an increase
in B value, but the number of events involved
(six) is very small; the corresponding value of the
corner moment would translate into a maximum
depth of 175 km, under the assumption of a
vertical fault, and of a stress drop Ac¢ =50 bars.
This figure is in agreement with the depth of
maximum seismicity along the San Andreas fault
system.

Our B values for strike-slip events are gener-
ally larger than found by Frohlich and Davis
{1993). This discrepancy may reflect the fact that
we cover a much broader range of moments, with
the strike-slip dataset exhibiting significant curva-
ture. :

(4) Finally, the frequency-moment pattern for
the 1298 earthquakes with ‘odd’ mechanisms is
unciear: no evidence for a sharp change of regime
is seen, but a single fit by a straight line {8 = 0.76)
leaves significant curvature (Fig. 3(d)). The
dataset is fitted reasonably well (8 =0.69) for
log,, M, < 26.5. At higher moments, the slope
increases only modestly. Significantly, the largest
two events in this family have been described as
involving unusual features: Lundgren and Okal
(1988) have proposed that the 1977 Tonga earth-
quake (M, = 1.4 X 10%® dyn c¢m) involved a sub-
stantial vertical rupture, and Lundgren et al
(1989) have argued that the 1986 Kermadec event
(My=4.5x10* dyn ¢m) had an anomalously
high stress release, both situations viclating the
assumptions used in-the derivation of the behav-

Table 2
b Values predicted and observed in this study (mantle magnitude M)
Dataset or model Ne. of Magnitude b value Reference
samples range (Fig.)
Predicted theoretically
W medel <72 2/3
>72 i
L model <72 2/3
>7.2 1/2
Observed (this study)
PPT (M) catalog 19871991 391 52~-7.2 62 Fig. 6{a}
=72 G.97 Fig. 6(a}
PPT (M.} catalog 19871991 391 52-7.2 (.60 Fig. 6(c)
>72 1.28 Fig. 6(c)
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ior of 8. Our lower-moment 8 value remains in
good agreement with Frohlich and Davis’ (1993)
b= 1.05 (B = 0.70).

3. Application to magnitude scales; b values
3.1. The mantle magnitude M,

In any range of earthquake sizes for which a
given magnitude scale 1s unaffected by source
finiteness, o = 1, and hence, b = 8. In particular,
this should be the case over all magnitude ranges,
for the mantle magnitude M. mtroduced by
Okal and Talandier (1989). In this respect, it
appeared interesting to study the catalog of man-
tle magnitudes M, routinely obtained at Papeete
(PPT) since 1987, and described most recently by
Hyvernaud et al. (1993). This catalog contains 391
events with 2 <75 km. We conducted three ex-
perimenis on this dataset, the results of which are
presented in Table 2 and Fig. 6.

First, we investigated the b value resulting
from the use of the mantle magnitude M . It is
clear from Fig. 6(a) that although routine process-
ing of events is attempted above M =4, the
dataset is probably complete only for M_ = 5.2.
That this figure is significantly higher than for the
Harvard CMT dataset is due at least in part to
the single-station nature of the PPT dataset, re-
sulting in a geographic bias for smaller events: at
lower moments, only those events sufficiently
close to PPT will be processed, whereas at larger
moments the dataset acquires a world-wide char-
acter; on the other hand, with a world-wide net-
work, there are always at least a few stations
close to the epicenter, and no bias exists. With
this in mind, we used a lower threshold of 5.2 in
the & value regression. The resulting b value
diagram clearly shows a change of behavior at
M, =72, with slopes of 0.62 and 098, respec-
tively. These values are very close to the theoreti-
cal ones, two-thirds and unity.

Second, we investigated directly the 8 values
of the dataset by regressing the Harvard CMT
moments published for the ecarthquakes in the
PPT catalog. The result at low moments, 8 = 0.59,
is in good agreement with the b value, whereas
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Fig. 6. Freguency-size relationship for the dataset of 391
shailow events used by Hyvernaud et al. (1992). {3} b-values
resulting from the use of the mantle magnitude M,; (b)
corresponding £ valzes obtained for the same dataset by
using the moment values reported in the CMT catalog; (¢) &
values resulting from the use of the corrected magnitude M,
(see text for details).

the deviation of » from B for large events illus-
trates the very small number of earthquakes con-
sidered. In general, the good agreement between
b and B is an expression of the fact that the
residuals (= M, —log,, M, + 20) do not exhibit
any systematic variation with carthquake size
(Okal and Talandier, 1989; Hyvernaud et al.,
1993).

Fipally, we investigated the possibie effect of
neglecting the event’s focal geometry in the M,
algorithm on the resulting b value. For this pur-
pose, we analyzed the ‘corrected” M, values, as
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defined by Okal and Talandier (1989), and listed
for the PPT dataset in Hyvernaud et al. (1993},
As would be expected, the results are in generally
excellent agreement with the B values; the only
significant difference with M, is the larger b
value beyond fault width saturation, which results
from a substantial correction in the case of the
1989 Macquaric Ridge earthquake, whose M,
valuc was overestimated at PPT, owing to focal
geometry. At any rate, as this involves a single
gvent, it is not statistically significant.

3.2. The 20 s surface-wave magnitude M,

The relationship between M, and M, has long
been known to involve an additional pattern of
saturation, which resuits in a variation of the
constant & in Eqg. (3) with carthquake size (e.g.

+ : 86432 CMT EVENTS
e @ Geller’s [1976] DATASET

Geller, 1976). This takes place in several steps,
which can be modeled by the following relations:

M, =log,, My~ 1946 (M, <6.7) (8a)
M, = log,y My— 1073 (6.7 <M,<80) (8b)
M, =3 log,, My— 136 (8.0<M <822) (8¢)

M =822 {M,=10" dyn-cm) (8d)

obtained by combining the models of Geller
(1976), Ekstrom and Dziewonski (1986) and Okal
(1989). It should be emphasized, however, that
Geller’s theory assumes uniform scaling for
earthquake faults of all sizes, and does not ac-
commodate a physical saturation of source pa-
rameters, either in a W or an L model. In the
Appendix, we discuss this issue and give a tenta-
tive justification of (8). Af any rate, Fig, 7 shows
that these relationships give a satisfactory fit both

9 ! i T I I

s

MAGNITUDE M

I : ! ! ! I T

26

57 78 29 20

fog,, M, {dyn—cm)

Fig. 7. Magnitude M, vs. published moment, for shallow CMT events (+), and for Geller’s (1976) dataset of 41 large shallow
carthquakes (#). The dashed line represents the relationship between A, and M4, as modeled by (8).
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to the modern CMT dataset used in Section 2,
and to Geller’s (1976) group of 41 large shallow
earthquakes.

Combining (6) and (8), one then predicts the
following variation of b values with earthquake
size:

b=3 (M,<67;8=3% a=1) © (9a)
b=1 (67sM,<74;B=3%a=3%) (%)
b=3 (7T4=M <80;8=1Lea=2%) (%)
b=3 (BO0<M =82%B=1a=1%) (9d)

In principle, values of M, greater than 8.22 should
not be observed, as by then, the 20 s surface-wave
magnitude is expected to have fully saturated.
Note the very narrow range of the b = 3 regime,
owing to the near-identity of the two corner fre-
quencies for rise time and width {Geller, 1976;
Egs. (21) and (24). In practice, that regime may
rarely be observed.

The above theory can be used to build an
expected population of M -values. At this point,
it is important to note that the frequency—magni-
tude relationship for this expected population
must be fitted by at least three line segments; in
other words, it exhibits significant curvature.
However, if one regresses this population by a
single straight line, say between magnitudes 5.0
and 8.2, the resulting b value, 0.94, is indeed very
close to unity (Fig. 8(a));, the fit itself is rather
poor, owing to curvature, On the other hand, the
use of an L model would predict & values of
2/3,1,3/4 and 3/2 in the same M -ranges; as a
result, the frequency-M -relationship would lose
its curvature, and would be expected to be fitted
rather well by a single straight line, but with a
slope b = 0.76 (Fig. 8(b)).

Comparison with data

We first targeted for study events belonging to
the CMT dataset, to insure that we were working
with a population of earthquakes comparable with
that analyzed in Section 2. For this purpose, we
isolated ali 6432 shallow CMT solutions for which
an M, = 3 is reported in the CMT f{ile, and re-
gressed them for their b value. Results are shown
in Fig. 9(a) and %b) and Table 3. In addition, we

further analyzed a more extensive dataset of
13301 M, values, namely the entire NEIC cata-
log for shallow earthguakes (A <75 km) for the
vears 1968-1991 (before 1968, magnitudes M,
were not. assigned systematically), with 1e§ultq
presented in Figs. 9c) and 9(d) and Table 3.
Robustness tests similar to those described in
Section 2 were also conducted; their results are
listed in Table 3,

it should be noted that, as expected in the
theoretical framework of the W meodel, a single-
ling regression of either dataset yields a b value
very close to unity, but at the cost of significant
misfit owing to the curvature of the frequency-M,
relationship; once again, this property upholds
the W model. When the dataset is fitted hy
several linear segments, the b values of the first
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Fig. 8. Frequency—magnitude distributions expected from the
combined effects of fault width saturation and of M, satura-
tion. (&) The W modet predicts a b value close to unity, bt
with significant curvatare. (b) The L model predicts a linear
relationship, but with a lower b value.
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two regimes predicted by (9) are usually very well
fitted. A slight difference is found for the b value
at higher magnitudes. In the case of the CMT
events, a nearly constant regime with b = 1.86 is
found for M,>7.5; in the case of the larger
NEIC dataset, further curvature can be resolved
in the frequency-M, relationship. Finally, the
comparison between Figs. 1 and 9(b) which use
the same set of carthquakes, illustrates the differ-
ence between the physical saturation of the fauit
width {$ values; Fig. 1) and the saturation of the
magnitude scale (b values; Fig. 9(b)): the fre-
guency-size distribution in Fig. 9(b) shows more
curvature than that in Fig. 1.

3.3. The 1 s body-wave magnitude m,,

In the case of m,, the situation is changed by
the fundamentally different nature of the corner
frequency relative 1o width: as derived by Geller
(1976), and because most teleseismic body waves
leave at nearly vertical incidence, body waves are
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relatively less sensitive to fault width than surface
waves, and thus, the width corner frequency is
mcreased by a factor approaching two and differs
significantly from the rise time corner frequency.
As a result, the domain with a=1/3 extends
over a greater range than for surface waves, at
the expense of that with a =2/3.

The theoretica! relationship between s, and
M, for a point-source double-couple has been
investigated recently by Okal (1993), who pro-
posed the formula

my, = log,, M, — 18.52 (10)

based on the analysis of a very large number of
synthetic seismograms obtained by ray theory.
Because CMT solutions are routinely computed
only for events with m, = 5.0, a range where m,
is already affected by source finiteness effects, it
was not possible to check the performance of (1()
against a large dataset in its domain of applicabil-
ity, It should be noted also that the locking con-
stant in (10) is somewhat different from that

6432 CMT EARTHQUAKES 1977-1992
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Fig. ¢. Top: b value analysis of the shallow CMT dataset using the 20 s surface-wave magnitude M,: (a} A single segment regression
upholds the ¥ model as predicted in Fig. 8(a); {b) segmented regression, as predicted by Eq. (9). Bottom: (¢) and (d), same as (a)

and (b} for the larger NEIC dataset.
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Table 3
b Values predicted and observed in this study (surface-wave magnitude M)
Dataset or model No. of Magnitude & value Reference
samples range (Fig.}
Fredicted theoretically
W model < 6.7 2/3
67 - 74 1
74 - 812 372
8.12- 822 3
Single regression 0.94 Fig. 8(a)
L model <67 2/3
67 ~ 74 1
7.4 — 812 3/4
8.12- 822 3/2
Single regression 0.76 Fig. 8h)
Observed (this study)
CMT catalog 19771992 (M, > 3} 6432 48 - 82 096 Fig. 9(a)
4.8 - 6.7 0.71 Fig. 9(b)
67 - 74 1.06 Fig. 8(b}
74 - 82 1.86 Fig. 9(b)
First half 3216 48 - B2 092
48 - 6.7 0.70
67 - 74 1.0¢
74 - 8.2 2.1
Second half 3216 48 - 82 0.92
4.8 - 6.7 0.74
67 - 74 1.02
74 ~ 8.2 1.26
Odd only 3218 48 ~ B2 0.92
48 - 6.7 0.71
6.7 - 74 1.18
74 - 82 1.33
Even only 3216 4.8 - 8.2 0.92
48 - 6,7 0.73
67 - 14 (.94
74 - 82 242
NEIC catalog 19681991 {M_ > 4.5) 13303 30 - 82 1.02 Fig. 9(c)
48 - 6,7 .75 Fig. 9(d)
67 - 74 1.02 Fig. 9(d)
74 - 18 148 Fig. 9(d)
79 - 8.2 3.94 Fig. 9(d)
First half 66350 48 - 8.2 0.92
48 ~ 6.7 .71
6.7 - 74 1.01
74 - 79 1.33
7.9 - 82 5.73
Second half 6651 4.8 - 8.2 0.99
4.8 - 6.7 0.81
6.7 - 7.4 1.02
7.4 - 79 1.64
7.9 ~ 82 1.73
QOdd only 6651 48 — 82 .96
48 - 6.7 0.75
67 - 7.4 0.99
74 -~ 7.9 1.38
79 - 82 313
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Table 3 (continued)

Dataset or model No. of Magnitude b value Reference
samples range (Fig.)
Even only 6650 48 - 8.2 0.97
48 - 6.7 0.75
6.7 - 7.4 1.07
74 - 79 1.74
79 - B2 3.89

given by Geller (1976) at low magnitudes; as a
result, we propose to model the dependence of
m, through the following combination of Geller’s
(1976) and Okal’s (1993) results:

m, = log,y M, — 18.52 (m, <4.96) (11a)
my =3 log,, My —10.69  (4.96 <m, <5.70)

(11b)
My =5 logy My— 250  (5.70 < my, < 6.40)

(1lc)

my =640 (log,y My=26.7) (11d)

Note that the effect of the physical saturation of
W on a possible early saturation of magnitude (as
discussed in the Appendix for M) does not apply

to e, which is expected to have already fully
saturated by the time M, reaches M¢=2x 1077
dyn cm.

The CMT database holds 8011 shallow earth-
quakes (h <75 k) for which a value of m, is
reported. Fig. 10 shows that (11) provides a rea-
sonable description of the dataset, with the ex-
ception of the full saturation at my = 6.4. This
could be due either to measurements taken at
periods significantly longer than 1 s, or to earth-
quakes exhibiting higher than normal sfress drops.
Accordingly, we will assume that (11c) continues
to hold for log,, M, > 26.7. A single-line regres-
sion of the entire dataset yields

my =037 log,, M, ~3.73 (12)

8011 CMT EVENTS {1977-1992)
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Fig. 10. Body-wave magnitude 1, as a function of moment for the CMT dataset. +, Individual values of m,, taken from the CMT
dataset. The dashed line is the theoretical relationship predicted by (11).
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with a slope close to one-third. This confirms the
predeminance of the domain for which a = 1/3.
The combination of (6) and (11a)-{1ic) predicts
the following behavior of the frequency-m,, rela-
tionship:

b=%  (my=50;8=%a=1) (13a)
b=1 (50<m,<57;8=%;a=2%) (13b)
b=2 (57<m,<6.6;8=3%a=%) (13c)
b=3 (m,z66;p=1a=3) (13d)

As shown in Fig. 11, the frequency-m,, relation-
ship Is expected to show significant curvature,
and, if a single straight-line regression is at-
tempted, should vield b values of the order of
1.7-2.0, depending on whether a sufficient popu-
lation of small events provides adequate coverage
of the b =2/3 domain (see Table 4 for details).
On the other hand, the L model would predict
that b should revert to 1.5 at the larger magni-
tudes, with straight-line regressions in the range
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b= 1.5-1.7, and less curvature in the frequency—
magnitude diagram.

Comparison with data

We first processed the CMT dataset of 8011
evenis described above. Fig, 12(a) shows that the
dataset is probably complete only for m, = 5.3. A
single regression carried out above that threshold
yields b = 1,97, in good agreement with the value
predicted by the ¥ model. Regressing the dataset
in several steps, as suggested by (13}, vields good
agreement in the predicted =2 and b=23
ranges, and a value slightly too large (1.17) for
the b = 1 range. Tests listed in Table 4 show that
the first two b values (1.17 and 1.88) are very
robust, whereas the last one is not, varying from
two to five depending on which sub-datasets are
considered, once again a probable expression of
the small populations involved.

We then proceeded to process the entire NEIC
dataset (1968-1991} comprising 90074 events with
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Fig. 11. Same as Fig. 8, for the 1 5 body-wave magnitude m,. The lower bound of m, is taken as either 5.0 ((a) and {c}) or 4.5 ({b)
and (d) to reflect the different thresholds of the CMT and NEIC catalogs.
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Table 4
t Values predicted and observed in this study (body-wave magnitude m,)
Dataset or model No. of Magnitude b value Reference
samples range (Fig.)
Predicied theoretically
W model <5.0 2/3
5.0-5.7 1
5.7-6.6 2
> 0.6 3
Single regression =45 1.79 Fig. 11¢b)
> 4.8 1.85
>5 1.96 Fig. 11{a}
>53 2.02
L model <50 2/3
5.0-5.7 |
57-6.6 2
> 6.6 3/2
Single regression > 4.5 1.47 Fig, 11{d}
> 48 1.58
>5 1.65 Fig. 11(c)
=53 1.76
Observed (this study)
CMT catalog 19771992 (m,, > 4.5} 8011 > 5.3 191 Fig. 12(a)
5.3-57 1.17 Fig. 12(b)
5.7-6.6 1.88 Fig. 12(b)
= 6.6 2.83 Fig. 12(b)
First half 4005 >53 1.80
53-5.7 1.15
5.7-6.6 1.90
> 6.6 211
Second half 4006 >5.3 1.88
53-57 1.20
5.7-6.6 1.86
> 6.6 4.89
Odd only 4006 >53 1.84
53-57 .17
5.7-6.6 1.83
> 6.6 2.56
Even only 4005 >33 1.94
5.3-5.7 1.18
5.7-6.46 1.93
> 0.6 3.04
NEIC catalog 1968-19%1 (m, = 3) 90074 > 4.8 1.82 Fig. 12(¢)
5.0-5.7 1.35 Fig. 12¢d)
5.7-656 2.04 Fig. 12{d)
>06.6 2.14 Fig. 12{d)
First half 45037 4.8-82 1.72
5.0-57 1.33
5.7-6.6 1.96
> 6.6 1.84
Second half 45037 48-82 176
5.6-5.7 1.37
5.7-6.6 2.60

> 6.6 4.12
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Table 4 (continued)

Pataset or model No. of Magsitude b vajue Reference
samples yange {Fig.)

Odd only 45G37 4.8-8.2 1.83
5.0-5.7 1.36

5.7-6.6 1.92

> 6.6 3.03

Even only 45037 4.8-8.2 1.73
5.0-5.7 1.34

57-6.6 2.03

> 6.6 1.49

my, = 3. Fig. 12(c) indicates that the dataset is
probably complete for m, = 4.8. A single regres-
sion of the dataset above that threshold vields
b = 1.82, in excelient agreement with the ¥ model
(1.85). When regressed in steps, the results gener-
ally uphold those of the CMT datasei: robust
values of 1.35 and 2.04 for the predicted b =1
and b =2 ranges, and, in the predicted b =3
range, an unstable figure varying between 1.8 and
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4. It is interesting to note that for both the NEIC
and CMT datasets, the largest b values in that
range (4.12 and 4.89) are obtained when isolating
the most recent events; the smallest (1.84 and
2.11) when considering the earliest events in the
dataset. This could reflect a more accurate deter-
mination of magnitudes {(notably a more stringent
use of periods of the order of 1 s). In neither the
CMT dataset nor the NEIC one was it possible to
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Fig. 13. Same as Fig. 10, except that the magnitude plotted is Mg, for sach event the farger of M and m,. Superimposed are the
theoretical curves predicted for both M, and m), by Egs. {93 and (11). The solid Hne iy the predicted curve for Mg,

resolve the predicted b= 2/3 for smaller values
of m,, owing to incompleteness of the catalogs in
that range of magnitudes.

4. Discussion

At this point, we have shown that a b value of
unity is both predicted theoretically and observed
experimentally (on homogencous magnitude
datasets) only under exceptional circumstances,
namely over narrow ranges where a particular
magnitude scale is undergoing partial saturation,
leading to « =2 /3. In the case of M, significant
curvature i$ present in the frequency-magnitude
relationship, and the b value varies from about
two-thirds around M, =5 to a maximum of two
just before total saturation, in the vicinity of
M_=8. In the case of m,, the range b=2/3
cannot be studied on world-wide datasets as cata-

logs are incomplete at those lower magnitudes. A
b value in the neighborhood of two is both pre-
dicted and observed at the m,, = 5-7 level.

The question then arises as to why empirical
regressions of frequency-magnitude relationships
can and do indeed vield b =1, often with an
acceptable fit. We believe this is due to the
practice, commonly used by reporting agencies, of
using a non-uniform magnitude scale, e.g. M, for
larger earthquakes and m,, for smaller ones, and
indeed, often a local magnitude M, for even
smaller events, along the lines of Hanks and
Kanamori (1979). Their procedure was designed
to remain forcibly (and somewhat artificially) in-
side the domain « = 2 /3 over a breader range of
magnitudes than would be predicted from the use
of a single, uniform scale. In practice, this often
amounts to retaining the largest available magni-
tude.

To test this suggestion, we consider once again
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Fig. 14. b values obtained from the CMT {a) and NEIC (b)
datasets by using Mg, (aote that a b value close to 1.0 is
achieved in both instances for moderately large events).

the CMT database and plot in Fig. 13 the larger
(Mg, ) of my and M,, vs. log,, M, for the 8014
shallow carthquakes with My, = 3. The slope of
the best-fitting regression, Mg, = 0.59 log,, M,
—8.99, is close to two-thirds, and thus we antici-
pate a b value close to unity. Indeed, Fig. 14(z)
shows that the result of a single straight-line
regression of this dataset is b =098 for M,, <
7.2, The artifact of using a non-uniform magni-
tude scale eliminates both the range b =2 (m,)
and the range b=2/3 (M,). These results are
basically unchanged when considering the entire
NEIC dataset of 90074 carthquakes used in the

m,, study: as shown in Fig. 14(b), a perfect b =
1.00 is actually achieved in this case.

4.1. Commenis on catalog completeness

Finally, we wish to comment on a rather sur-
prising and iniriguing aspect of the databases
used in the present study. A comparison of their
populations shows, for example, that among the
8015 shallow CMT solutions, only 6432 had a
value of M, quoted in the CMT file. In other
words, 1583 (or roughly 20% of the whole popu-
lation} did not. One would expect these to be
generally small, a situation which could conceiv-
ably introduce a bias when comparing the results
of B value studies on the whole dataset, and b
values on the restricted one. However, the sur-
prising result is that these ‘no-M, CMT events
are spread across all ranges of moment, their own
8 value being (.84 between 10%* and 3 X 10% dyn
cm, generally comparable with those computed in
Section 2. This property is further confirmed by
the fact that 8 value studies of the two datasets
vield virtually identical results, and further sug-
gests that the absence of M, from the CMT files
is largely unrelated to earthquake size, and could
result simply from random omissions. Indeed, we
were able to assign 380 M, values by simply
matching the events with their NEIC catalog en-
tries; further spot checks indicated that many
events had International Seismological Centre
(ISC) or other reported M. Although the appar-
ently random character of the omissions shields
our studies from systematic biases, it sheds some
disturbing light on the whole question of catalog
completeness.

In the case of m,, the situation is at first sight
much better, as all but four of the CMT solutions
report an my,. To a large extent, this was to be
expected, as an m, threshold is used to select
earthquakes for CMT inversion. Of the four, three
list an M, value, and indeed all four have both
m,, and M listed in the NEIC files, making it
obvious that the omission is the result of a cleri-
cal error. At any rate, the number of events, as
well as their small size (M, < 3.4 x 10 dyn cm),
cffectively guards against affecting our analyses.




74 EA, Okal, B.A. Romanowicz / Physics of the Earth and Planetary Interiors 87 (1994) 55-76

&, Conclusions

(1) A simple theoretical model of the effects of
source finiteness predicts that for any conven-
tional magnitude scale measured at a fixed pe-
riad, the frequency-magnitude relationship
should exhibit curvature resulfing in an increase
in b from two-thirds at lower magnitudes to
higher values for larger magnitudes. A b value of
unity is expected only in a restricted range of
magnitudes; in this respect, it should be the ex-
ception, not the rule. For this reason, the inter-
pretation of b values In terms of geological pro-
cesses responsible for seismicity must take into
account both the nature and the range of the
magnitudes involved.

(2) Independently of this effect, fault width
saturation results in a change of 8 value further
affecting the b value of any magnitude scale. As
pointed out by Romanowicz and Rundle (1993),
simuitaneous saturation of the fault slip Au ac-
cording to the W model predicts an increase in b
value, whereas the L model in which fault slip
keeps increasing predicts a decrease.

(3) The analysis of large catalogs of homoge-
neous magnitude datasets upholds the theoretical
predictions. In particular, the CMT catalog clearly
favors the W model over the L model, the latter
predicting a decrease in £ value at higher mo-
ments. Populations of surface-wave magnitudes
M, feature a b value of two-thirds at low magni-
tude ranges, increasing to about b = 2 before the
onset of fault width saturation, Populations of
body-wave magnitudes m,, are generally charac-
terized by high b values, ranging from 1.35 to
more than two; the expected domains of lower &
values {one and two-thirds) are not observed on
world-wide datasets because they would occur at
ranges of m,, where catalogs are notoriously in-
complete.

{4) When sorted by focal mechanism, normal
faulting carthquakes fail to exhibit the sharp in-
crease in B value observed for thrust faults, lead-
ing to the speculation that the former may escape
fault width saturation; the present population of
CMT mechanisms is, however, too small to allow
definite conclusions in this respect. Strike-slip
mechanisms exhibit a relatively continuous and

smooth increase of their B value, suggesting a
non-uniform saturation width. When further
sorted according to tectonic environment, events
along major continental strike-slip faults show a
transition from S =12/3 to higher values at a
moment range smalier than the global dataset.

(5) The fact that a b value of unity is widely
obtained and reported stems from the use of
inhomogeneous magnitude catalogs, in which low
and high values are measured using different
scales (e.g. M, for large events and m,, for smaller
ones).
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Appendix

We seek to justify the use of Eqgs. (8) in the
presence of physical saturation of the width W of
the source, and in the W model, of the slip An.
We proceed by briefly recalling the modeling of
the saturation of M, in the formalism of Geller
(1976). The spectral amplitude of a surface wave
at angular frequency @ is given by

wl al¥

@7
X{w)=AM,- sinc:wiw . sinc?;sinc;g
R [

Vi

wT wkl
=A;L(Au . sinc—g—) ' (L sinc—z——

RT——_

i

-(Wsincig) {Al)

where vy is the velocity of rupture, A is a slowly
varying function of w, and sinc(x) = sin x/x. M,
is assumed te be proportional to log,, X{wy),
plained by modeling log,, sinc(x) as zero for x
less than a corner value x_ and log,, (x_/x)} for
X =z x_. In practice, x_= L.

In the absence of physical saturation of the
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source, and as the size of the earthquake keeps
increasing, each of the three terms in parentheses
in (A1) will start by growing proportionally to L,
but will saturate at a constant value when the
argument of the sinc function becomes unity, i.c.
when a certain cormner angular frequency, W,
characteristic of each term, becomes less than
aryy. In the context of scaling laws, this is easily
seen for the second and third terms. For the first
one, w.=2/7, where v is the rise time of the
source. That the term saturates requires that the
dislocation velocity Ait = Au/r be constant, in
other words that 7 itself scale linearly with source
dimension L. Under this assumption, which has
often been described in the literature (Burridge,
1969; Brune, 1970; Kanamori, 1972; and more
recently for very small events, fio et al., 1993), the
magnitude M, saturates when the largest of the
three characteristic corner frequencies becomes
smaller than w.,.

If we now assume a model with physical satu-
ration of source parameters (either W in the case
of the L model, or both W and Au in the case of
the W model), the effect of the saturation is
simply to force the constancy of the relevant
term(s) in parentheses in (A1). Once again, this is
evident for the third term, and follows for the
first one in the case of the W model from the
assumption of constant dislocation velocity. It
should be noted that the critical moment at which
physical saturation of source width takes place
(M§=2x10% dyn cm) is greater by about a
factor of ten than that separating the regimes (8a)
and (8b). Thus, in the case of the W model, we
predict immediate saturation of M, at the critical
moment M, whereas in the case of the 1. model,
the slope in (8) should change to one-third until
the first term in parentheses eventually saturates.

In this respect, it is difficult to reconcile the
saturation of M, around 8.2 and M, = 10% with
the evidence obtained in Section 2 in support of
the W model, as the latter would predict full
saturation of M, around 7.5 and for M, > M.
We believe that this incoasistency must express
the violation of one or more of the scaling as-
sumptions used in the derivation of (A1), in the
case of truly large earthquakes. In particular, the
sinc functions in (A1) assume a homogencous

density of seismic moment release, both in the
time domain {through the use of a ramp function),
and in the spatial domain; this is contrary to a
growing body of evidence which indicates a popu-
lation of discrete asperitics releasing most of the
seismic moment {e.¢. Houston, 1987; and more
recently Wald and Heaton, 1993). In general,
these effects will allow M, to keep growing be-
vond its Jevel of theoretical saturation.

In addition, some of the very largest earth-
quakes involved in Geller’s (1976) study are nor-
mal faulting events (Sanriku, 1933; possibly
Tokachi-Oki, 1952); we suggest in Section 2 that
this population may not undergo width saturation
for the same value of M, if at all. Also, several
of the very large shocks in Geller’s study are
historical events whose moment determination
may be inaccurate (e.g. Kanto, 1923; Sanrikuy,
1933; Nankaido, 1946), as suggested by indepen-
dent measurements of mantle magnitudes at very
long periods (Okal, 1992},

In conclusion, although Eg. (8) are difficult to
iustity in the framework of the physical saturation
of W, they probably result from the breakdown of
simplifying assumptions for a group of a few very
farge, mostly older, events. At any rate, Fig. 7
suggests that they provide a very good fit to the
MM, relationship, for the available population
of M, values.
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