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Earthquake scaling laws for creeping and non-creeping faults 
Falk Amelung • and Geoffrey King 2 
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Abstract. The dependence of the summed moment release on the 
fault dimension differs between non-creeping faults and creeping 
faults or volcanic regions. This can be attributed to different 
earthquake scaling laws. The number N of events with fault length 
L scales for non-creeping faults as N(L)-L '2 and for creeping 
faults as N(L)-L -3. This difference offers a means for mapping the 
distribution of creep in the seismogenic crust. 

Introduction 

For many years the role of aseismic creep in the deformation 
of the seismogenic crust has been debated. Only in Central 
California has fault creep been unequivocally demonstrated to be 
important. Elsewhere creep has been inferred from an absence of 
large seismic events [e.g. Jackson and McKenzie, 1988], but 
limits of the historical earthquake records make such 
interpretations dubious. Using data from California we show that 
the scaling relations for small earthquakes in non-creeping and 
creeping regions are completely different and that small 
earthquakes can be used to detect creeping faults. 

The size-frequency distribution of earthquakes is commonly 
described in terms of the b-value, the slope of the Gutenberg- 
Richter relation, logNc(M)=-bM+a, where M is the magnitude, N c 
the cumulative number of earthquakes with magnitude >M and a 
a constant depending on the seismic activity [Gutenberg and 
Richter, 1954]. The b-value varies locally and regionally and can 
range between 0.5 and 1.5 [ Turcotte, 1992; Wiemer and Benoit, 
1996]. The most often observed b-value for crustal earthquakes is 
1.0 [Okal and Rom anowicz, 1994]. This paper describes a new 
approach to examining the size-frequency distribution of 
earthquakes. Instead of showing b-values, the summed moment 
release with respect to fault length (referred to as a moment-fault 
length distribution) is studied. To calculate this it is assumed that 
the earthquakes are self-similar with constant stress-drop. The 
analysis of moment-fault length distributions is under certain 
conditions mathematically identical to b-value analysis (see 
Appendix), but has the advantage of illuminating the geometric 
features of the earthquake process more clearly [ King, 1983]. 

Study area and data 
In Central California (Fig. 1) most of the seismicity is related 

to right-lateral strike-slip faults. On some faults or fault segments 
the deformation is accommodated by brittle failure in large and 
destructive earthquakes, on other faults by aseismic creep or in a 
combination of both processes. The great 1906 San Francisco 
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earthquake (M7.7) ruptured the 400 km long northern section of 
the San Andreas fault from Cap Mendocino (not shown in Fig. 1) 
to San Juan Bautista. The largest earthquakes since then were the 
1983 Coalinga earthquake (M6.7), the 1984 Morgan Hill 
earthquake (M6.3) and the 1989 Loma Prieta earthquake (M7.0) 
[Ellsworth, 1990]. In the south, the San Andreas fault creeps 
aseismically; the 150 km long fault segment between San Juan 
Bautista and Middle Mountain is widely referred to as the 
"creeping section" of the San Andreas fault. Other creeping faults 
are the southernmost segment of the Calaveras fault, the Hayward 
fault on its entire length but only at shallow depths and some 
portions of the Green Valley - Concord fault [Galehouse, 1992]. 
The creeping faults have continuous microearthquake activity. 

The seismicity in Central California has been monitored since 
1968 by the North California Seismic Network (NCSN). The 
earthquake catalogue is complete for events with magnitude 
M> 1.4 [ Oppenheimer et al., 1990]. In order to study the 
distribution of moment release, the earthquake magnitude is 
converted to moment using the moment-magnitude relations 
logSffo=l.5M-1.5 for events with M> 3.33 and logS•o=l.2M-1.2 
for events with M_•3.33 [modified from Bakun, 1984]. Mis the 
local or duration magnitude [Eaton, 1992], and 514o is the 
geometric moment, related to the seismic moment Mo by Mo =#514o 
[King, 1978; Ben-Menahem and Singh, 1981, p.179]. Here a 
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Figure 1. Location map showing the major faults, the creeping 
fault segments (shaded) and the epicenters of the major 
•hquakes (stars). The thick dashed and thick solid lines 
indicate regions that are discussed in Figs. 2 and 4, respectively. 
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rigidity of p=30 GPa is used. The relation for M >3.33 is 
equivalent to Kanarnori and Anderson's [ 1975] relation between 
the seismic moment and the surface wave magnitude. 

Observations 

In Fig. 2 the dependence of the summed moment release on the 
earthquake fault length is examined for two non-creeping faults; 
for the Calaveras fault that ruptured in the 1984 Morgan Hill 
earthquake and the fault that ruptured in the 1989 Loma Prieta 
earthquake, and for the southern part of the creeping section of the 
San Andreas fault. Each column represents the summed 
geometric moment of all earthquakes that occurred during a 
period of 28 years within a fault length interval indicated by the 
column width, equally spaced on a logarithmic axis [King et al., 
1994]. The fault length refers to the radius of a circular fault, 
related to the geometric moment by 5¾/0= 16/7 AeL 3 [Kanamori and 
Anderson, 1975]. The earthquake strain-drop Ae is the 
displacement to length ratio of an earthquake and related to the 
stress-drop by Acr=pAe. Throughout this study the strain-drop is 
assumed to be constant 3. 10-4, corresponding to a stress-drop of 
10 MPa. The choice of logarithmic fault length intervals is useful 
because we expect power-law relations between the summed 
moment within a fault length interval, 9if0 z (L), and the fault 
length L 

On the Calaveras fault (Fig. 2A) and in the Loma Prieta area 
(Fig. 2B) the summed moment approximately doubles as the fault 
length doubles, i.e. the summed moment increases linearly with 
fault length. The relation Yff0 z (L)--L is shown as a dotted line in 
figs. 2A and B. The major events of Morgan Hill and Loma 
Prieta do not fit this law, but this is to be expected because of 
their interaction with the free surface and the base of the 

seismogenic zone [e.g. ?acheco et al., 1992]. In the creeping 
section of the San Andreas fault, however, a similar summed 
moment release is observed in all fault length intervals and the 

moment-fault length distribution is approximated by 
9V[o z (L)=const (Fig. 2C). Note that the summed moment release 
of 2.5 106m 3 in the southern creeping section of the San Andreas 
fault (80 km long) during a period of 28 years corresponds to a 
seismic slip rate of 0.1 mm/yr assuming a thickness of 12.5 km 
for the seismogenic upper crust. Hence, only 0.3% of the fault 
motion is seismic. On the non-creeping faults, on the other hand, 
the slip rate is dominated by earthquakes. The different moment- 
fault length distributions are also expressed as different b-values. 
For the Calaveras and Loma Prieta faults b-values of 0.9 and 0.8 
are found, and 1.2 for the creeping section (Fig. 2). Theoretically, 
the moment-fault length distributions predict b-values (see 
Appendix) for non-creeping and for creeping faults of 1.0 and 1.5, 
respectively. The difference occurs because of the known 
difficulties in deriving b-values. 

The above analysis is based on an empirical relation between 
9V/0and M. Bakun's data, however, allow some variations of the 
parameters defining the moment-magnitude relations [Bakun, 
1984, fig. 5]. The dashed horizontal bars in Fig. 2 are calculated 
using the relation for M<3.33 for all events regardless of their 
magnitude, and the solid horizontal bars are calculated changing 
from one relation to the other at magnitude M2.5. The moment- 
fault length distributions are changed, but the basic difference 
between non-creeping (Figs. 2A and B) and creeping faults (Fig. 
2C) remain unchanged. Our observations do not result from a 
fortuitous choice of the moment-magnitude relation. 

In Fig. 3 the moment-fault length distributions all over Central 
California are analyzed. In some regions the distributions are 
similar to the Calaveras fault and to the Loma Prieta area, for 
example in the Livermore, Coalinga and San Francisco Peninsula 
regions and on the San Gregorio fault. The seismicity in the first 
three regions is related to faults that move in large earthquakes; to 
the Greenville fault that ruptured in the 1980 M6.0 Livermore 
earthquake, to the Coalinga fault that ruptured in the 1983 M6.3 
Coalinga earthquake and to the San Andreas fault that ruptured in 
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Figure 2. Summed geometric moment in different fault length intervals (A) on the Calaveras fault, (B) in the 
rupture area of the 1989 Loma Prieta earthquake and (C) on the southern creeping segment of the San Andreas 
fault. The regions are indicated in Fig. 1. The columns represent the total moment release within the magnitude 
intervals M1.08-1.83, M1.83-2.58, M2.58-3.33, M3.33-3.94, M3.94-4.54, M4.54-5.14, M5.14-5.75, M5.75-6.34 and 
M6.34-7.0. The intervals are chosen such that the fault length varies from one magnitude interval to the next by a 
factor of 2. The fault length refers to a circular fault model assuming constant stress-drop. Since the moment- 
magnitude relation changes at magnitude 3.33 the abscissa is not linear in M. The major earthquakes and the 
magnitude intervals within which the earthquake catalogue is not complete are indicated by unshaded columns. 
The horizontal bars correspond to different moment-magnitude relations described in the text. The slip rate is for a 
seismogenic depth of 12.5 km and a 80 km long fault. The b-values are shown in the upperleft comers. 
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Figure 3. Moment-fault length distributions as in Fig. 2 but for different regions in Central California together with 
the seismicity (M> 1.5) between 1969 and 1995. The first columns to the left represent the moment release in the 
M1.83-2.58 interval, the lowest magnitude interval in which the catalogue is complete. 

the 1906 San Francisco earthquake. No historical earthquakes can 
be attributed to the San Gregorio fault [ WGCEP, 1990], and this 
might be attributed to fault creep. The moment-fault length 
distribution, however indicates that this fault is non-creeping and 
therefore is potentially subject to future large earthquakes. 
Similar moment-fault length distribution• are observed on the 
Rodgers Creek fault and in the region between the Rodgers Creek 
and the Green Valley faults that includes the West Napa fault. No 
creep has been detected on these faults [Galehouse, 1992] and the 
moment-fault length distributions indicate that they will be 
ruptured in large earthquakes. 

The distributions on the Hayward and on the Green Valley- 
Concord faults are similar to those in the southern creeping 
section of the San Andreas fault. Both faults are creeping. In the 

northern part of the creeping segment a slight increas6 of the total 
moment release with magnitude is observed. We note that this 
area contains the triple junction between the San Andreas and 
Calaveras faults and some non-creeping faults might exist at the 
junction. The distributions for the Geysers and Mammoth Lake 
regions are similar to that of the creeping section of the San 
Andreas fault. The seismicity in both areas is of volcanic or 
hydrothermal origin and the moment-fault length distributions 
should be different [ King, 1983]. 

Up to now the moment release from a period of 28 years has 
been analyzed without distinguishing between background 
seismicity and aftershocks. Fig. 4 shows the summed moment 
release with respect to fault length in a sector of the San Andreas 
fault southeast of the rupture area of the 1989 Loma Prieta 
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Figure 4. Moment-fault length distributions similar to Fig. 2 in a sector south of the rupture zone of the Loma 
Prieta earthquake. (A) Before the earthquake, (B) for one year of aftershocks and (C) for a subsequent 5-year 
period. The averaged rate of moment release per year is shown. 



earthquake for three different time periods. For the period before 
the Loma Prieta earthquake the summed moment release is 
independent of fault length, indicating creep. For the 1-year 
period after the earthquake the summed moment release increases 
with fault length, indicating a non-creeping fault. During the 
subsequent 5 years, however, the summed moment release again 
is independent of fault length, indicating creep. These 
observations suggest that the distribution of the summed moment 
release with fault length of creeping faults depends on the loading 
rate. The earthquake slipped southeast of its epicenter primarily in 
strike direction and rapidly increased the shear stress and the slip 
rate on the creeping section of the San Andreas fault [ Reasenberg 
and Simpson, 1992]. The moment-fault length distributions 
became similar to a non-creeping fault until the stress increase 
was relaxed whereupon the typical moment-fault length 
distribution of a creeping fault was recovered. 

Conclusion 

The dependence of the summed moment release on the fault 
length is systematically different between non-creeping and 
creeping faults. The total moment release increases on non- 
creeping faults linearly with the fault dimension, Mo • -L and on 
creeping faults is independent of it, M{• =const. This assumes 
that the earthquakes are self-similar and share the same stress 
drop. These observations can be restated as simple frequency-size 
scaling relations, N(L)-L '2 and N(L)-L '3, respectively, since 
M• (L)=N(L)Mo(L) and M o--L 3, with N(L) the number of events 
(not the cumulative number) with fault length L. The frequency- 
size scaling for creeping faults changes to that of a non-creeping 
fault for increased loading rate. 

It appears possible to use the moment-fault length distribution 
of microearthquakes to determine whether faults are creeping or 
non-creeping. An ability to distinguish between them using 
seismic information provides a potentially powerful tool for 
understanding the mechanics of the upper crust. This ability also 
has major implications for establishing seismic hazard. In Central 
California, for example, the moment-fault length distributions 
suggest that the San Gregorio fault is not creeping and that it can 
be the locus of a major earthquake. 

Appendix 
The summed moment release, Mi• (L), in a logarithmic fault 

length bin, given by 

Mo z (L) = I PL (L' )Mo(L' )dL' , (1) 

depends on PL, the density distribution of the number of 
earthquakes with respect to L. The frequency of occurrence of 
earthquakes is commonly expressed in terms of the cumulative 
number of earthquakes Nc with magnitude>M, Nc(M)= 10 -bM+• , 
where a and b are constants. The density distribution pu 
of the number of earthquakes with respect to M defined by 
Nc(M)=I•pM.(M')dM', is converted into pL using 
p•(L)= p•(M)/(dL/dM). Assuming that all the earthquakes 
share the same stress drop, Mo--L s, and that Mo relates to M by 
logMo=cM+const, the frequency of occurrence of earthquakes is 
given by p• (L)= L-(•+•).const. Substituting into (1) gives the 
summed moment release in terms of the b-value, 

3b 

Mo • (L) = L c . const. (2) 
The observations about the moment-fault length distributions, 

Mo • (L)=L const and M• (L)=const for non-creeping and creep- 

ing faults, should be, in terms of the b-value for c=1.5 [Kanamori 
andAnderson, 1975], b=l and b=l.5, respectively. If c is not the 
same for all magnitudes, as in the present study, M• (L) should 
vary with fault length, or the b- value should vary with magnitude. 
Thus, if the true scaling relations concern geometric or kinematic 
features of the earthquakes, then the b-value should be incorrect. 
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