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Abstract

Seismicity parameters can be visualized as an almost continuous function of space and time by 

using dense grids. This mapping technique is used to: (1) Study the seismic quiescence preceding 

the 1992 Landers earthquake sequence. Both the Landers and Big Bear earthquake were found to 

be preceded by periods of significant seismic quiescence lasting 2-4 years. (2) Image the fre- 

quency-magnitude distribution in the subducting slab underneath Alaska and New Zealand. A high 

b-value anomaly at 100 km depth on the top of the slab suggests that slab dehydration causes an 

increase in the pore pressure. (3) Investigate the plumbing system of Mt. St. Helens and Mt. Spurr. 

This study suggests that the detailed spatial mapping of the ffequency-magnitude distribution is 

potentially capable of resolving the location of magma chambers and the depth of vesicuiation 

underneath volcanoes. (4) Map out the spatial distribution of asperities along the San Andreas fault 

in California. Based on the observation that the Parkfield and Morgan Hill asperities show an 

extremely low b-value ( tx 0.5), a new model to calculate recurrence times for moderate size earth

quakes is proposed. (5) Investigate the correlation between a currently observed period of seismic 

quiescence in the Tokyo region and the frequency-magnitude distribution. A modification to the 

seismic quiescence hypothesis is proposed, which uses the frequency-magnitude distribution as a 

tool to distinguish between precursory seismic quiescence and false alarms not followed by a main 

shock.

All of these case studies show that applying these new tools in seismicity analyses can advance 

the understanding of a variety of complex and heterogeneous tectonic regimes in the seismogenic 

part of the earth’s crust and upper mantle.
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1

Chapter 1. Introduction

1.1 Seismicity studies

Humans have searched for patterns in the occurrence of earthquakes for millennia. Although 

divine powers were generally thought to be the cause of earthquakes throughout most of history, 

there has always been the attempt to understand and ultimately to predict the occurrence of hazard

ous earthquakes. Earthquake catalogs in their most primitive form were created shortly after the 

invention of the written language. But only over the last 100 or so years, since seismic instruments 

have provided a tool to reliably locate and classify earthquakes, have earthquake catalogs become 

increasingly valuable. We have learned that earthquakes are more abundant in some regions than 

others. Plate tectonics has been identified as the driving force behind most of the earthquakes we 

experience. In the 1970’s many people were optimistic about the future of earthquake prediction. 

The leading opinion was that within 25 years a reliable earthquake prediction method would be 

achieved. However, today in 1996 we seem to be further away from reaching this goal than ever. In 

the 1990’s many seismologists believe that earthquake prediction is intrinsically impossible and 

studies of the seismicity cannot reveal new information about the rupture mechanics of earth

quakes.

This thesis reports on recent progress made in quantitative seismicity analysis. This progress 

was in part made possible by two ongoing developments: 1) Progress in computer technology: fast 

and cheap computers permit the analysis o f vast amounts of data in a short time. Data can be visu

alized and explored interactively and software development in general has become much easier 

and more efficient; 2) improved earthquake catalogs: Since the 1980’s, the number of seismic sta

tions has increased in many regions of the world, and along with the more widespread use of digi

tal recording and high dynamic range stations this development has dramatically improved the 

quality and quantity of located earthquakes. Many earthquake catalogs are now complete down to 

smaller magnitudes. As a result we can now analyze seismicity in unprecedented detail. Several 

case studies are presented in this thesis, and more sophisticated analysis techniques are introduced 

which enable the investigation of the behavior of seismicity in multiple-dimensions (space, time 

and magnitude).
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A number of publications have been inspired by the techniques described in this thesis. All of 

these studies use the software package ZMAP. and can be classified in several groups: 1) Studies 

investigating seismicity rate changes and the precursory seismic quiescence hypothesis (Wiemer 

and Wyss, 1994; Wyss and Wiemer, 1996ab; Wvss et al„ 1996b); 2) Studies focusing on catalog 

homogeneity and artificially introduced seismicity rate changes {Zuniga and Wyss, 1995; Zuniga 

and Wiemer, 1995); 3) Studies exploiting the capability of ZMAP to resolve and visualize varia

tions of the frequency-magnitude distribution as a function of space (Wiemer and Benoit, 1996; 

Wiemer and McNutt, 1996; Wiemer and Wyss, 1996; Wyss et al, 1996a). 4) Studies investigating 

earthquake clustering {Allmann, 1996).

1.2 Overview of the chapters

This thesis is divided into six chapters, plus a general introduction, general conclusions, and 

one appendix. Five of these chapters have been published or submitted for publication (chapters 2. 

4, 5, and 6). In this thesis, two different parameters that describe seismicity are investigated. In 

chapters two and three we investigate seismicity rate changes and the precursory seismic quies

cence hypothesis. The next three chapters (4,5, and 6) study the frequency-magnitude distribution 

in the crustal strike-slip regime of the San Andreas fault in California, the subduction zones of 

Alaska and New Zealand, and in the volcanic systems of Ml Sl Helens (Washington) and Mt. 

Spurr (Alaska). In chapter 7 we combine the results from both the study of the frequency-magni

tude distribution and the precursory seismic quiescence hypothesis.

Chapter 2 introduces the seismic quiescence hypothesis and explores the hypothesis for the 

1992 Landers earthquake sequence that occurred in California. We show that precursory seismic 

quiescence did exist in the 2-4 years prior to the Landers and Big Bear main shocks, but not prior 

to the Joshua Tree main shock. The technique presented in Chapter 2 to investigate seismicity rate 

changes is a significant improvement over previous seismic quiescence smdies (such as Wyss and 

Burford, 1987; Wyss and Fu, 1989; Reasenberg and Matthews, 1988; Kisslinger, 1988) in that it 

uses a grid approach to investigate all of space-time for anomalies. By placing a dense grid over 

the area to be investigated and sampling the N closest earthquakes to each grid-point, we have 

introduced a more objective approach to seismicity analysis. The same spatial gridding technique 

will be used in the following chapters and in essence represents the backbone of the advanced seis
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3

micity analysis techniques presented.

Chapter three will give some additional insight into the precursory seismic quiescence prior to 

the Landers earthquake sequence. The extent o f the quiescent volume is mapped in more detail by 

using vertical cross-sections along and across the strike of the fault The correlation of the quies

cent patches on the fault and the areas of high moment release during the ruptures allows us to 

draw some conclusions about the physical mechanism that causes the precursory phenomena. In 

addition, we will introduce the alarm cube method, a technique to identify all periods of decreased 

seismicity above a given significance threshold.

The next chapter (Chapter 4) investigates the frequency-magnitude distribution in the subduc

tion zones of Alaska and New Zealand. We will show that, by using high quality, regional earth

quake catalogs combined with high resolution gridding techniques, a high 6-value anomaly at the 

top o f the subducting slab at a depth of about 100 km can be identified. This anomaly directly 

underlies the volcanic arc and may thus be associated with the mechanism that creates arc-like vol- 

canism on the surface.

In chapter five we take a closer look at the frequency-magnitude distribution within two volca

nic regions: Mt. St. Helens (Washington) and Mt. Spurr (Alaska). We document that for these two 

volcanoes the location of high 6-value anomalies appears to correlate with the locations of magma 

chambers and with the depth of magma vesiculation. This result suggests that the frequency-mag

nitude distribution contains important information about the plumbing system of volcanoes.

Chapter six takes us back to California, where we investigate the frequency-magnitude distri

bution in asperities. For two asperities in Central California (Parkfield and Morgan Hill) we find 

that these asperities (hard spots on the fault) stand out as the patches with the lowest 6-values 

(b~0.5). The observed strong differences in the frequency-magnitude distribution with depth and 

along the strike of the fault lead us to suggest a new model to explain the recurrence time of mod

erate to large earthquakes.

Finally, chapter seven makes an attempt to combine the information contained in the two seis

micity parameters investigated in chapters 2-6. We propose that we can use the frequency-magni

tude distribution to estimate the probability that an observed seismic quiescence is a precursor to a
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large earthquake. If indeed, as proposed in chapter 6, large earthquakes have a higher probability 

of occurring in low 6-value volumes, then a quiescence observed in a high 6-value volume should 

be less likely to be a precursor than a quiescence observed in a low 6-value region. This hypothesis 

is so far supported by little data, and additional case studies are necessary to draw more definitive 

conclusions.

Chapter eight presents general conclusions, along with suggestions for future research. Lastly, 

appendix A gives a short description of ZMAP, the software developed to do most of the analyses.
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Chapter 2. Seismic Quiescence before the Landers (M = 7.5) 
and Big Bear (M = 6.5) 1992 Earthquakes1

2.1 Abstract

The Landers earthquake of 28 June 1992 was preceded by a seismicity rate decrease of 75% in 

a volume approximately 11 km x 23 km x 15 km, located adjacent to and north of the epicenter. 

This anomaly started, for all magnitude bands, in January 1988, lasting 4.5 years up to the main- 

shock. A smaller volume (7x14x15 km), to the south of the epicenter, showed a seismicity rate 

decrease of 75% starting in November 1989. The Big Bear earthquake of the same day was pre

ceded by a 100% decrease of the seismicity rate, within a volume of approximately 13 km x 22 km 

x 15 km around the hypocenter. This volume contained 192 earthquakes of M i>1.6 during the 

background period of 9 years, but none during the 1.6 years from December 1990 to 27 June 1992. 

The standard deviate z-values characterizing these rate changes are very high, 6.3 and 12.3 respec

tively, and the anomalies are unique, not surpassed in significance by any other rate decrease in the 

portion of the southern California earthquake catalog examined (117* 06’ W -115* 40’ W and 33° 

45’ N - 35° 10’ N). No seismicity rate change was found in the vicinity of the M=6.1 Joshua Tree 

earthquake of 23 April 1992. Based on magnitude signatures and frequency-magnitude analyses, 

we conclude the two quiescence anomalies could not have been due to a shift or a compression of 

the magnitude scale, and we interpret them as precursor anomalies. This analysis was carried out 

using the declustered earthquake catalog for the Landers area with corrections of 0.2 and 0.1 

(August 1985 and May 1990) for two suspected magnitude shifts. With a new visualization tech

nique we can investigate the stability, and changes, of the seismicity rate as a function of time and 

space. By mapping z-values for rate changes at every time interval, and in volumes centered on a 

dense grid of points (lat., long.), this computer code furnishes an almost continuous sequence of 

smooth contour maps of the degree of rate changes. Any anomalies, artificial or real, may thus be 

defined accurately.

1. Wiemer, S. and M. Wyss; (1994): Seismic Quiescence before the 1993 M = 7.5 Landers and M 
= 6.5 Big Bear (California) earthquakes. Bull. Seisin. Soc. Am., Vol. 84. No. 3, pp. 900-916.
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2.2 Introduction

The Landers 28 June 1992 Ms = 7.5 earthquake, together with the Big Bear Ms = 6.5 ‘after

shock’ on the same day and the M = 6.1 Joshua Tree earthquake on April 23, represents the most 

extensive and well recorded sequence of major seimicity in southern California (Hauksson et al. 

1992; various articles in this volume). The right lateral slip on the 85 km long fault (Figure 2.1) 

was typically 2-5 m (Hauksson et al., 1992). This sequence of events provided an opportunity to 

test the seismic quiescence hypothesis on three large earthquakes in the same area. The earth

quakes ruptured different faults and therefore might show independent precursory quiescence. 

They occurred within an area less than 100 km x 100 km, which is small enough for studying seis

micity patterns using a single catalog.

We define the precursory quiescence hypothesis in the following way (WVs-j, 1986a; H-Vs.y and 

Habermann, 1988a): a statistically significant decrease of the seismicity rate that occurs in a 

restricted segment of a seismogenic zone. The rate decrease is terminated by a mainshock and the 

quiescent volume covers all or a major parts of the source volume. Previous case studies (W%.y and 

Burford, 1985, 1987; W m , 1986a; Wyss and Habermann, 1988b; Wyss and Fit, 1989) show typi

cally a decrease in the seismicity rate of 50-70%, with anomaly durations of one to several years. 

The rate decrease should be present in all magnitude bands above the minimum magnitude useful 

for analysis, otherwise it is suspected that the anomaly may be artificial. It has also been proposed 

that the quiescence may be restricted to the larger magnitudes of the background activity (e.g. Cao 

and Aki. 1987). The 1982 M = 5.0 Stone Canyon earthquake was actually predicted based on seis

mic quiescence prior to the mainshock (Wy-w and Burford, 1985, 1987). Nevertheless the quies

cence hypothesis seems to be applicable only to some and not all mainshocks. For example the 

Loma Prieta earthquake was apparently not preceded by quiescence. Little is known about the 

physical processes leading to quiescence, although reasonable models have been proposed (see for 

example Scholz et al., 1973; Scholz, 1988; Rudnicki, 1988; Stuart, 1979, 1991).

We performed our analysis of seismicity patterns in the Landers and Big Bear areas in the fol

lowing steps: (1) Investigate the catalog homogeneity in southern California. Decluster the catalog 

and identify significant rate changes that can be explained by magnitude shifts. Define the mini

mum magnitude of homogenous reporting. (2) Identify significant rate changes in the corrected
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catalog. (3) Define anomalous volumes in space, time and magnitude band. (4) Investigate the 

nature of the rate change (artificial or natural). (5) Estimate the significance of anomalies.

2.3 Data

Our experience with earthquake catalogs from California, Hawaii, the Aleutians, Japan, Tur

key, and the world suggests that the heterogeneity of earthquake catalogs is the greatest obstacle 

for identifying precursory seismic quiescence. The percentage of small earthquakes reported 

changes as a function of space and time. Changes in the number of stations reporting, the density 

of stations, the algorithm used to compute location and magnitude and, the number of workers 

available for routine processing have a noticeable impact on catalog homogeneity. The problem of 

heterogeneity of earthquake reporting, and methods to deal with it, has been studied extensively in 

the past (e.g. Habermann, 1981, 1982, 1983, 1986, 1987, 1988, 1991; Perez and Scholz, 1984; 

W(ra and Habermann, 1988b; Wv.w and Fu, 1989; W m  and Burford, 1985, 1987; Wvs.v, 1991; 

Wyss et al., 1992). A shift in the magnitude can also change the number of events reported with M 

^  Mmin, and the introduction or removal of a single station in the network can lead to a significant 

shift in the reported magnitude (Wyss, 1991). A magnitude shift of -0.3, for example, would lead to 

an apparent seismicity rate decrease of 50%. A compression of the magnitude scale that was 

detected later, led to a false interpretation of the quiescence at Parkfield (Wvss et al., 1990). We 

used the magnitude signature technique (Habermann, 1983; Wyss and Habermann, 1988a,b) 

together with the frequency-magnitude relationship to evaluate rate changes.

In this studywe used the southern California earthquake catalog provided by the California 

Institute of Technology for studying the seismicity rate in the area 17' 06’ W -115’ 40’ W and 33’ 

45’ N - 35’ 10’ N from January 1975 to June 27 1992. To separate the dependent earthquakes 

(aftershocks and swarms) from the independent earthquakes, an algorithm by Reasenberg (1985) 

was used. The algorithm removes the clustered events and replaces them with one event with a 

magnitude equivalent to the total cluster. After declustering the catalog the significant rate changes 

in the catalog were identified using the computer code GENAS (Habermann, 1981). Fitting the 

observed magnitude signatures of these rate changes with a synthetic signature enabled us to deter

mine the minimum magnitude of homogenous reporting (M ^ )  and to identify existing magnitude 

shifts (DM). This technique of calculating synthetic magnitude signatures and fitting them to the
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observed signature is described in detail by Habermann (1981, 1983). The detection of seismic 

quiescence, and its definition in space and time, is best achieved if numerous earthquakes are avail

able for the analysis and the investigated time series is as long as possible. Therefore, we were 

interested in including the smallest events which are reported homogeneously. may be 

smaller than the smallest magnitude of complete reporting, provided that the percentage of 

reported events does not fluctuate as a function of time. There is usually a trade-off between a 

desirable length of the time series and a low Mmin.

As a result of our investigation, we corrected the catalog for two suspected magnitude shifts. 

We applied corrections of: (I) +0.2 for all magnitudes between August 1985 and May 1990. and

(2) +0.1 for all magnitudes after May 1990. These corrections cannot introduce seismic quiescence 

in the later part of the catalog, because both shifts increase the number of earthquakes above a 

magnitude threshold Mmin in the recent part of the catalog, and therefore they work against quies

cence before the Landers earthquake sequence. In addition we will verify that detected anomalies 

are present in the uncorrected catalog as well. After applying these corrections, we considered the 

reporting rate in the study area as relatively homogenous for magnitudes M^1.6 beginning in 

March 1981. The declustered and shifted catalog we used for the further analysis contains 11.3 

years of data with a total of 5655 earthquakes. The seismicity rate was sampled in 295 subsequent 

intervals of 14 days, and in 5396 overlapping volumes, containing 130 earthquakes each. Figure

2.1 shows the locations of all earthquakes in the corrected catalog.

2.4 Method

Different techniques have been used in the past to identify and describe seismic quiescence. 

Visual inspection of epicenter maps and time-distance plots were used by early investigators (e.g. 

Mogi, 1969; Ohtake et al., 1977; Kanamori, 1981). Habermann (1981, 1982, 1983) designed a 

number of algorithms to investigate quiescence quantitatively, based on the standard deviate z-test. 

Reasenberg and Matthews (1988) used the b-statistic to investigate the seismicity from a depth of 

0 to 20 km in a circular region centered on the epicenter location. The radii r of the circles ranged 

from 2.0 to 15 km and were a function of magnitude of the mainshock. Habermann (1988) and 

W m  (1986a, 1993) argued that circles do not take into account the known location and shape of 

the mainshock source. They might contain areas showing quiescence, as well as areas outside the
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source-volume without quiescence. In the volumes surrounding the source an increase in activity is 

expected (e.g. Mogi, 1969; Sykes and Jauine, 1990) and thus it is not surprising that Reasenberg 

and Matthews did not find quiescence along the Calaveras fault. A study by VonSeggern et al. 

(1981) used 2 by 2 degree squares surrounding each mainshock. Habermann (1988) argued that 

averaging over such large areas introduces so much noise, that a possible signal cannot be 

detected. Wyss and Habermann in past studies used polygons reflecting the tectonic structure of 

the area (e.g. polygons aligned along the fault). The polygons were then divided into sub-polygons 

containing an equal number of earthquakes, therefore the size of the polygons was variable. A dis

advantage of this method is the arbitrary location of the polygons, as their design and location 

might influence the results of the analysis. Wyss (1986a) constructed a randomly selected, non 

overlapping grid of rectangular cells over the area of the 1983 Kaoiki earthquake. The size of the 

grid-cells was constant while the number of earthquakes in each cell varied. He studied the seis

micity rate changes in each cell and shifted the grid once by a vector half of the cell-size. This 

approach allowed him to approximately define areas of high and low seismic rate changes.

A new computer tool (ZMAP) to investigate and visualize seismicity rate changes in earth

quake catalogs as a function of space and time was developed to improve the resolution of poten

tial anomalies and to avoid the necessity of arbitrarily defining volumes for study. We defined a 

rectangular grid with a spacing of 2 km, which equals approximately the epicenter accuracy. With 

this new method rate changes will be resolved as an almost continuous function of space. For the 

Landers case this 2 km grid contains 5396 points. For a statistical analysis of seismicity rate 

changes it is more useful to consider areas of varying size with a constant number of earthquakes, 

instead of equal sized areas with a varying number of earthquakes. Therefore we selected for each 

grid-point (x,y) the nearest epicenters from the catalog March 1981 to June 27 1992. These V, 

earthquakes define, to a first approximation, a cylindrical volume of radius r(Nt) with no depth 

constraint, where r(Nt) is the maximum distance of an earthquake from the i-th grid-point. The 

value of r  is a function of space and inversely proportional to the local density of earthquakes. Fig

ure 2.2 shows examples for Nt = 130. An area with a higher density of earthquakes results iD 

smaller cylinders than an area of low seismicity. In the northeast, where only few earthquakes are 

located (see Figurel), the circles in Figure 2.2 are significantly larger than in the central area. We 

use r  as a measure of the spacial resolution of our method: the smaller r, the better the resolution.
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The seismicity rate, sampled in two week intervals, can now be studied in each of these vol

umes. We applied several statistical functions designed for different purposes. Each of these func

tions calculates a z-value, a statistical measurement of the significance of a rate change at time t. 

This time t is then moved through the whole period of the catalog from March 1,81 to June 27.92. 

To identify significant rate changes prior to the Landers and Big Bear earthquakes we used the 

AS(t) function (Habermann, 1983, 1987, 1991). This function was designed to answer a very spe

cific question: Where in time are the strongest single rate changes between two specific endpoints? 

In the past we have found the AS(t) function useful for the identification of an anomaly at the end 

of a time series, and for the identification of its onset-time. However, AS(t) is not capable of 

detecting anomalies when two or more rate changes occur in a time series. For an unbiased statis

tical test of the significance of an anomaly as well as to detea anomalies within a time series we 

used the LTA-function (Long Term Average: Habermann, 1988,1991).

To visualize the changes of the seismicity we assigned each z-value a color, and plotted these 

at time t on a map (e.g. Figure 2.3). All grid-points (x,y) at time t define an image or contour plot 

(time slice), and we can visualize the change in the seismicity rate as a function of latitude and lon

gitude for different times. In this representation, the z-value at one grid-point (x.y) corresponds to 

an integral over an area with a size inversely proportional to the local density of earthquakes. Since 

the volumes containing N, earthquakes overlap, the z-values at two adjacent grid-points do not 

vary significantly, and for a specific time-slice t the z-values show a smooth variation over the 

map. This is especially true in low seismicity areas where neighboring volumes sample only a 

slightly changed subset of earthquakes. An additional interpolation was applied to smooth the 

images (Wessel and Smith, 1991). The size of an anomaly can not be judged directly by the size of 

an anomalous area on the map. A z-value is assigned only to each grid-point regardless of the size 

of the volume sampled and, thus, an anomaly represents only the center of the volume. The resolu

tion could be increased by decreasing Nh but there is a trade-off between resolution and signifi

cance: the smaller the number of earthquakes in each volume, the less significant are the observed 

rate changes.

Our new method to detect and present quiescence anomalies provides several advantages: (1) 

It gives a more precise location of the anomaly, as well as information about its extent and shape, 

possibly giving further insight into the physical processes leading to precursory seismic quies
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cence (e.g. Scholz, 1988). In addition, artificial seismicity rate changes can be detected, even when 

they occur only in a sub-area of the catalog under investigation. (2) The rather complex changes in 

the seimicity rate in an extended area can be visualized over the whole area at once. Possible pat

terns in seismicity rate changes (e.g. decrease in the source area and increase in surrounding areas) 

can be recognized. Because of the dense grid, with a spacing of the grid-points equal to or smaller 

than the average error in epicenter location, the change in the seimicity rate as a function of space 

can be understood as a continuum. (3) Through viewing several time-slices (as an animation) the 

investigator can easily and rapidly identify rate changes, their location and relative significance. A 

significant anomaly at any location in space, and occurring at any time, can be identified, therefore 

allowing detection of potential false alarms.

2.5 Results

The first objective of this study was to determine whether there was a significant rate decrease 

prior to the Landers or Big Bear earthquake. We used a grid-spacing of 2 km resulting in 5396 

grid-points over the whole area of study. The minimum magnitude of the corrected catalog of the 

Landers area was =1.6 and we chose Nt, the number of earthquakes in each volume, equal to 

130. We varied M ^ ,  as well as IV,, to ensure that the results did not depend on the parameters 

used for the analysis. We applied the AS(t) function between the two endpoints to = March 1, 1981 

and tc= June 27, 1992 to each of the volumes. The z-value at time t at each grid point was calcu

lated using the following equation (Habermann, 1983):

R i is the mean rate in period 1 (from to to t), /?2the mean rate in period 2 (from t to tg), where t 

is the ‘current’ time (to < t < tc). S[ and s2 are the standard deviations in these periods, and n, and n2 

the number of samples. We assigned each z-value a color, and plotted these on a map for each time 

t. The maps of z-values were viewed stepping through time with a two week increment, to identify 

any outstanding anomalies that might occur at the end of the data set. The first significant rate 

change can be identified in January 1988. In the upper frame of Figure 2.3 one can easily identify 

high z-values (up to 6.5) in an area 10 km north of the epicenter, along the rupture of the 1992
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Landers earthquake. High z-values signify a decrease in the seimicity rate. This anomaly is the 

most significant in this time slice, and precedes the Landers earthquake by 4.5 years. The anomaly 

is surrounded by much lower, even negative z-values, indicating an unchanged or increased sei

micity rate in the surrounding volumes. The lower frame of Figure 2.3 shows typical background 

conditions: no significant anomaly exists in the time slice of March 1984. Proceeding in time, a 

second anomaly can be found in December 1990 (upper frame of Figure 2.4). This anomaly occurs 

precisely at the epicenter of the 1992 Big Bear earthquake, preceding the event by 1.6 years. Again 

this anomaly is the most significant in this time slice. The locations of the anomalies in Figures

2.2.2.3 and 2.4 identify only the center of a seismicity decrease and do not map their true size. The 

lower frame in Figure 2.4 shows a view of the background condition at a time when the Landers 

anomaly begins to be noticeable in the AS(t) representation of the data, but no other significant 

rate decreases are present. Measured by the z-values of the AS(t) function, the two anomalies near 

the Landers and Big Bear epicenters are the most outstanding rate decreases in the entire catalog. 

Figure 2.5 shows time slices of the AS-function at 5 different times in a color representation. High 

z-values, indicating seimicity rate decreases, are visible as hot color spots in the last two time- 

slices, 4.5 and 1.6 years before the Landers and Big Bear earthquakes, respectively. No anomaly 

occurs in the vicinity of the April 1992 Joshua Tree earthquake. The cumulative number versus 

time plot, as well as the AS(t) function (Figure 2.6), show a stable seimicity rate, without signifi

cant changes in this area.This data set shows how remarkably constant the rate of earthquakes can 

be in some crust al volumes.

To obtain a more detailed view of the two anomalies, we reduced the grid spacing from 2 km 

to 1 km and decreased Nj from 130 to 50. We calculated the seismicity rate change, DR, in percent 

in each of these overlapping volumes. To map out the spatial extent of the anomaly, we did not 

only assign a value DR to the center of each volume, but to the whole area sampled. Where vol

umes overlapped, the maximum value (i.e. the highest seimicity rate decrease) was assigned. The 

upper frame of Figure 2.7 shows a contour-map of the seismicity rate decrease in the vicinity of 

the 1992 Landers epicenter comparing the periods March 81-January 88 and February 88-June 92. 

In an area 10 km north of the epicenter, on the eastern side of the fault the decrease is 93%. The 

size of the anomaly is approximately 23 km x 11 km. The optimized quiescence near the Landers 

epicenter is shown in the cumulative seismicity curves of Figure 2.8A. Comparing the period 

March 81- November 89 and December 89 to June 92 (lower frame in Figure 2.7) shows a second
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area of high, seismicity decrease (up to 88%) to the south of the Landers epicenter. The two lobes 

of decreased seismicity are interrupted by the epicenter region where foreshock activity was 

observed prior to the Landers earthquake (Figure 2.8 C and D).

The northern volume defined by the 75% decrease (upper frame of Figure 2.7) contained a 

total of 161 events with a magnitude ^1.6. The onset of the quiescence is simultaneous in January 

1988 for all (Figure 2.8A). The change in the slope indicating the onset of the quiescence in 

January 1988 is sharp; before and after January 1988 the seismicity rates are approximately con

stant. These observations fit the description of other case-studies of precursory seismic quiescence 

(W m, 1986a; Wvxr and Habermann, 1988a, b). In the epicenter volume a decrease in the seismic

ity rate occurs in late 1989, at the same time as in the southern lobe, but its significance is degraded 

because of the foreshocks and relatively large variations during the early record (Figure 2.8C).

The seismicity rate decrease before the Big Bear earthquake was even more dramatic. Figure

2.9 compares the rates before and after December 1990. Within a region of 20 km x 12 km the 

seismicity rate dropped by 100%. This area contains in total 192 earthquakes with M ^1.6, none of 

which occurred after December 1990. Plots of the cumulative number of earthquakes versus time 

for the volumes with the 75% and 100% rate decrease are shown in Figure 2.10. The onset of the 

anomaly scores a z-value o f the AS(t) function of 12.3, the highest z-value ever published for a 

seismic quiescence. Because we optimized the shape of the anomaly we cannot calculate the exact 

statistical significance of this z-value.

2.6 Discussion and Conclusions

After reinvestigation, several published cases of seismic quiescence turned out to be false 

alarms due to artificial rate changes in earthquakes catalogs (Habermann, 1987, 1988). In our 

understanding of precursory seismic quiescence it is not enough to only identify seismicity rate 

changes prior to a major earthquake. In addition, one has to show that this rate change is most 

likely natural, and that it is significant compared to other rate changes in the catalog.

To test whether the two observed anomalies are artificial or natural changes in the seismicity 

rate, we used the magnitude signature method as described by Habermann (1981, 1983. 1987. 

1991) and frequency-magnitude plots. The magnitude signature method was successfully used to
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identify artificial rate changes due to magnitude shifts in earthquake catalogs (Wyss, 1991), and the 

analysis of frequency-magnitude plots help to identify a stretching of the magnitude scale as a 

source of the rate change.

For these tests we used the anomalous volume defined by the 75% contour line for the Landers 

case (Figure 2.7). This area contains 268 earthquakes with M > 0 (Figure 2.11). The catalog used 

was declustered, no magnitude correction was applied. In Figure 2.11 the quiescence before the 

Landers earthquake is clearly visible, showing that we did not introduce the anomaly by the cata

log corrections we applied. The periods compared by the magnitude signature technique were 

March 81 - December 87 and January 88 - June 92. Figure 2.12 shows positive standard deviate z- 

values in all magnitude bands, which are best modeled by postulating a uniform decrease of 60% 

in all magnitude bands. The observed ‘umbrella shaped’ magnitude signatures for both the 

Landers and Big Bear cases (Figure 2.12) show the pattern that one would expect for precursory 

quiescences (e.g. Habermann, 1991). Using the same catalog we compared the frequency-magni

tude distribution during the anomalous period with that of the background period (Figure 2.13). 

The numbers during the anomalous time were normalized to the length of the background period. 

This presentation of the data shows that the rate decreased uniformly in all magnitude bands for 

which significant numbers of earthquakes are reported. A comparison of the Landers 1988 rate 

change with the artificial Parkfield rate changes present in the newly revised catalog in 1986 and 

1991 shows that their characteristics are completely different. In the new Parkfield catalog the rate 

for all M > 0 earthquakes remained constant, while the rate for large events decreased and the rate 

of small events increased in 1986 (Figures 2.12 and 2.13). In 1991 a rate change with the opposite 

characteristics of the 1986 change occurred (the rate of large events increased and that of small 

events decreased), resulting in a magnitude signature symmetrical to the earlier one with respect to 

the z = 0 line (Figure 2.12). This means that a stretching of the magnitude scale in 1991 undid the 

effect of a compression of the scale in 1986. The Landers case (Figure 2.13) is different: the rates 

in all magnitude bands, including the total rate, decreased uniformly, with the b-value remaining 

approximately constant. A magnitude transformation cannot achieve the change in the Landers 

case.

The magnitude signature for the 1991 change in the Big Bear area (Figure 2.12) uses the 265 

M > 0 earthquakes within the 100% contour line shown in Figure 2.9. The catalog was declustered
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but no corrections were applied. The cumulative number versus time plot (Figure 2.14) shows a 

significant decrease of the seismicity rate for all earthquakes with M > 0. The magnitude signature 

for this case (Figure 2.12) is best modeled by a seismicity rate decrease of 50% in all magnitude 

bands. Because of the smaller number of earthquakes in the shorter anomalous period in the Big 

Bear case we do not calculate the normalized b-values. We conclude that magnitude signatures 

(Figure 2.12) and the frequency-magnitude plots (Figure 2.13) for the Landers and Big Bear rate 

changes support the hypothesis that these anomalies were due to precursory seismic quiescence, 

rather than to artificial changes in the catalog.

It has been suggested that the duration of precursory quiescence should increase with increas

ing magnitude of mainshock (e.g. Kanamori, 1981; Scholz, 1988). The data indicate that this may 

be so. but they are not conclusive. In Hawaii an increase of one in magnitude increases the duration 

of quiescence by about 1.5 years (Wyss and Habermann, 1988a). In the Landers and Big Bear 

cases an increase of one in the magnitude of the mainshock is associated with an increase in the 

duration of quiescence of about 3 years.

The location of the northern lobe of the seismicity rate decrease (Figure 2.7) correlates with 

the March 15, 1979 M = 5.3 Homestead Valley earthquake (Stein and Lisowski, 1983). This earth

quake preceded the Landers earthquake by 13.3 years. The declustering of the catalog is designed 

to remove aftershock sequences, therefore the observed anomaly should not be influenced by after

shock activity of the Homestead Valley mainshock. In addition, two further arguments support the 

fact that the influence of the Homestead Valley earthquake on our analysis is negligeable: (1) 

Looking at the cumulative number curves (Figure 2.8A and 8B, Figure 2.11) one can observe a 

stable seismicity rate between March 81 and December 87 for events with a magnitude 1.6. The 

onset of the anomaly is sharp and not a general decline as expected for an aftershock sequence. (2) 

We extracted the aftershocks of the Homestead Valley earthquake from the complete catalog, using 

a program described by Reasenberg (1985). No aftershock with a magnitude M ^>1.6 was detected 

later than 78 days (June 1, 1979) after the Homestead Valley earthquake. We also modeled the 

aftershock sequence, using U tsus (1961) modified Omori relation for the rate of occurrence of 

aftershocks as a function of time after the mainshock (see also Kisslinger and Jones, 1991). In the 

period between March 1981 and June 1992 less than five events with a magnitude i>1.6 are 

expected due to the aftershock sequence of the Homestead Valley earthquake. We conclude that

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



18

the observed quiescence was not due to a decreasing aftershock sequence at Homestead Valley.

The remaining question is: how significant is the quiescence prior to the Landers and Big Bear 

earthquakes, compared to other rate changes in the catalog? Using the described visualization 

gives a qualitative answer to this question by comparing the significance, number, and brightness 

of ‘hot spots’ in different time slices (Figures 2.3, 2.4, and 2.5). A more quantitative answer to this 

question, using statistical tests, is essential in defining the significance and false alarm rate of the 

anomalies. The AS(t) function has a tendency to overestimate rate changes at the end of a time 

series. An unbiased test of the significance of the rate changes is possible using the LTA function 

(Long Term Average: Habennann, 1988, 1991):
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The LTA function compares the overall mean rate Rati to the mean rate Rw/ in a window of 

length wl (/i indicates the number of samples, s the standard deviation). This window is moved 

over the entire period in 2 week steps. The length of the LTA window adds another dimension to 

the analysis. We calculated the LTA-function, using several window lengths. Three representative 

calculations with lengths of 4.5 years (Figure 2.15), 3.0 (Figure 2.16) and 1.5 years (Figure 2.17) 

are shown here. We used a grid with a spacing of 2 km and volumes of variable size containing 130 

earthquakes as described in detail above. The variation of the LTA function over time can be visu

alized as an animation in the same way as described for the AS(t) function. We found it helpful to 

view the LTA-function compressed in time by plotting on a map only the maximum value over all 

times at each grid point. This approach is useful, if one is interested in comparing the significance 

of rate changes for a specific window length. The concept of maximum LTA maps provides a pow

erful tool to investigate seismicity rate changes, especially when combined with the ability to 

interactively view cumulative number curves at each point on the map.

For a window length of 4.5 years, the most outstanding anomaly in the whole catalog is the 

previously described Landers anomaly (onset January 1988, Figure 2.15). If we define an alarm 

level of z = 2.5 (e.g. Wm, 1992), more than 10 false alarms are detected. Increasing the alarm 

level to z = 3.0 reduces the number of false alarms to 4, for z = 3.4 no false alarm occurs. The his
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togram of all z-values (Figure 2.15) demonstrates how outstanding the Landers anomaly is. The z- 

values of the Landers anomaly occur at the right end of an approximately normal distribution of all 

calculated z-values for this window length.

LTA is a function of the window-length. the shorter the window the higher the LTA values (e.g. 

W m , 1992). For an intermediate window-length of 3 years the Landers anomaly shows the highest 

z-values (Figure 2.16). The second outstanding anomaly visible in Figure 2.16 started in February 

1986 and was terminated in June 1989 by a M = 4.3 earthquake. The magnitude signature of this 

anomaly does not indicate any artificial rate changes, the seismicity rate is reduced for all magni

tude bands. At first we were not aware of the M = 4.3 mainshock and therefore thought we should 

interpret this quiescence as a false alarm. However, the 36 month duration as well as the approxi

mately 10 km length of this anomaly are almost identical to these parameters (35 month and 8 km. 

respectively) observed for the Stone Canyon earthquake (M = 4.7). This earthquake was actually 

predicted by W ra and Burford (1985, 1987). Therefore, we interpret the observed anomaly prior 

to the M = 4.3 earthquake as possible seismic quiescence. In our analysis of the Landers area we 

found several other moderate earthquakes that appear to be preceded by seismic quiescence. How

ever, in this study we focused on the three mainshocks with magnitudes greater than 6. The ques

tion of quiescence anomalies before smaller mainshocks in Southern California will be 

investigated in the future.

The third highest anomaly for a window length of 3 years must be interpreted as a false alarm 

(labeled in Figure 2.16). No major earthquake occurred at the end of this quiescence, but the vol

ume over which it extended is small (less than 5 km). Using a window of 1.5 years the most out

standing anomaly is correlated in space and time with the Big Bear quiescence (Figure 2.17). With 

an alarm level of z = 6.8 this anomaly is unique, therefore no false alarms occur. Decreasing z to 

6.0 results in 6 alarms, the Big Bear, the Landers and four false alarms. For z = 5.0 more than 10 

false alarms occur.

The case of the Joshua Tree earthquake shows that precursory seismic quiescence is not 

always observed before major earthquakes. A possible explanation for the missing quiescence 

might be that the Joshua Tree earthquake is the smallest event of the three (M = 6.1). As stated ear

lier precursory seismic quiescence is not restricted to large earthquakes, but for larger events with
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larger source volumes one might expect a more readily definable quiescence anomaly.

There have been four earlier studies of precursory seismic quiescence in which the seismicity 

rate was high enough to allow separate studies of sub-volumes of the source. These are the Kala- 

pana (Hawaii, November 1975, Ms = 7.2; H'vs.y et al., 1981), the Kaoiki (Hawaii, 16 November 

1983, Ms = 6.6; Wyss, 1986b), the Andreanoff Islands (Aleutians, 7 May 1986, Ms = 7.7; 

Kisslinger, 1988) and Stone Canyon (California, August 1982, ML = 5.0, Wyss and Habermann. 

1988b) studies. In all of these case studies the initial rupture occurred in a volume of constant seis

micity rate, surrounded by volumes containing quiescence. The precursory seismic quiescence 

before the Landers mainshock shows similar behavior: the volumes that turned quiescent are cen

tered 10 km north and to the south of the rupture initiation. The volume around the rupture initia

tion shows a decrease in the seismicity rate beginning in November 1989 (Figure 2.8C) which is

1.8 years after the onset of the quiescence 10 km north of the rupture initiation. This seismicity 

rate decrease ends 0.5 years before the Landers earthquake and one might speculate that this is due 

to foreshock activity. Wtor ( 1986a) and H/ra- and Habermann (1988b) suggested that this behavior 

might be a general pattern of precursory seismic quiescence, in which major asperities do not turn 

quiet while the rest of the source does. The Landers case supports this idea while the Big Bear case 

does not, as the Big Bear quiescence occurs at the epicenter and covers most of the fault area (Fig

ure 2.9). No foreshock activity was observed prior to the Big Bear earthquake in its source volume.

The moment release of the Landers earthquake has been discussed by several authors (e. g. 

Wald et al., 1992; Kanamori et al. 1992; Cohee and Beroza, 1992). Based on long period regional 

seismograms, Campillo and Archuleta (1992) divide the Landers earthquake into two sub-events, 

one on the epicenter location, the other one along the Camp Rock-Emerson fault approximately 30 

km north of the epicenter. Models of the moment release, and the dynamic slip distribution over 

the Landers fault, show approximately 1/3 of the moment released in the initial rupture whereas 

the greatest part of the moment release is approximately 30 km north of the epicenter ( Wald et al.. 

1992; Kanamori et al. 1992; Cohee and Beroza. 1992). Abercrombie and Mori (1994) have inves

tigated the slip history of the Landers earthquake. Their analysis uses the onset of large amplitude 

waves 2.5 seconds after the first sub-event of Mw = 4.4, to place the main hypocenter a few kilo

meters to the north and at greater depth than the initial focus. Thus, the source of the main quies

cence correlates with the location of the greatest moment release. Our results indicate that rupture
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zones undergo a final quiescent stage a few years prior to the main rupture. In our understanding, 

triggering of large events by moderate earthquakes (as suggested by Brune (1979) and Abercrom

bie and Mori (1994)) might occur when a moderate event occurs in the vicinity of a quiescent vol

ume.

The factors that support the hypothesis that the described anomalies before the Landers and 

Big Bear earthquake were caused by precursory seismic quiescence are the following:

(1) The anomalies correlate in space and time with the Landers and Big Bear earthquakes. 

The durations of the anomalies are in good agreement with earlier case studies.

(2) Anomalies occur only in areas related to the main-shock rupture and correlate well with 

areas of high moment release on the fault. Outside these areas the seimicity rate remains 

stable or increases.

(3) The decrease in the seimicity rate of 75 - 100% is statistically highly significant.

(4) The rate decrease does not show the characteristics of an artificial rate change. The rates 

are reduced in all magnitude bands. The rate changes were present in the original data, as 

well as in the data corrected for inadvertent magnitude shifts.

(5) The Landers and Big Bear anomalies are the most outstanding in the whole catalog. They 

could be detected without false alarms.

In this paper we propose that we have identified two cases of precursory quiescence to two 

major Californian earthquakes. One smaller mainshock was not preceded by quiescence. These 

results support findings that the hypothesis of precursory seismic quiescence is applicable in 

southern California.
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2.9 Figures

March 1981 - June 27,1992

-1 1 7 °  0 0 ' - 1 1 6 °  3 0 ' -1 1 6 °  0 0 '

Figure 2.1. Epicenter map of the Landers area showing the epicenters of Landers 28.06.92 M = 7.5 main
shock (large diamond) and of the 28.06.92 M = 6.5 Big Bear aftershock (small diamond). For both earth
quakes the rupture (based on the aftershock distribution) is plotted as a thick line. The epicenter of the 
Joshua Tree (23.04.92 M = 6.1) earthquake is marked by a triangle. The thinner lines correspond to the 
mapped faults. The small circles show the epicenters (M->1.6) contained in the declustered and magnitude 
corrected catalog we used in our study (5655 events). The catalog spans the time from March 1981 to 27 
June 1992.
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Figure 22. Map of the grid used to study the Landers area. For selected points (triangles) the circles rep
resenting areas containing 130 epicenters from March 11981 to June 27 1992 are shown. The radius r of the 
circles is inversely proportional to the local density of earthquakes (see Figure 2.1 for comparison). The 
radii range from 4 km to 32 km and can be used as a measure of the resolution.
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Figure 23. Maps of the Landers area showing the degree of seismicity rate decrease (Jan. 1988 and Mar. 
1984). Rate changes are measured by the standard deviate z and presented in a gray-code for a comparison 
of the mean rates before and after January 1988 (top frame), as well as before and after March 1984 (bottom 
frame). The earthquake catalog used is defined in Figure 2.1. The number of events in each volume is 130. 
High z-values (shown in dark) represent a decrease in the seimicity rate. The highest z-values occur on the 
Landers M = 73  fault-zone, approximately 10 km north of the rupture initiation point. The anomaly of high 
z-values is surrounded by low or negative z-values, representing no seismicity change or increased seimicity. 
The mainshock epicenters and ruptures are marked as in Figure 2.1. The bottom frame shows that no signif
icant changes occur during the early part of the record.
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Figure 2.4. Maps of the Landers area showing the degree of seismicity rate decrease (Dec. 1990 and Apr. 
1984). Compared is the mean before and after December 1990 (top frame), as well as before and after April 
1986 (bottom frame). High z-values occur in the top frame at the epicenter of the 1992 Big Bear M = 6 j  
earthquake and indicate a strong decrease in the seismicity, starting 1.6 years before this earthquake. The 
bottom frame shows that no anomalies exist during the background time, except that a trace of the Landers 
anomaly emerges.
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Figure 2.5. Time slices showing the degree of seismicity rate change in the Lander area (same as Figure 
2.3). The z-values measure the significance of rate changes comparing the mean before and after the times 
selected (which are from bottom to top: February 1983, January 1985, December 1986, January 1988 and 
December 1991). The topmost frame shows the main and aftershock epicenters. The location o f the two 
strongest rate decreases in the entire catalog (hot colors) correlate with the centers of the Landers and Big 
Bear ruptures. These anomalies begin about 4.5 and 1.6 years before these mainshocks. respectively, and last 
up to the mainshock. These durations are comparable to quiescence precursor times in other cases. We inter
pret these two quiescence anomalies as precursors. No significant rate changes occur near the epicenter o f  
the April 1992 Joshua Tree earthquake.
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Figure 2.6. Cumulative number of earthquakes as a function of time, in a volume containing 130 events 
around the epicenter of the Joshua Tree April 1992 M = 6.1 earthquake. The time of the Joshua Tree earth
quake is marked by an arrow. No significant rate change occurred in this volume.
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Figure 2.7. Map of the seismicity rate decrease in 1988 near the Landers M = 7_5 mainshock (diamond) 
on its rupture zone (heavy line) (top frame) . The white triangle marks the position of the M = 5.3 Home
stead Valley earthquake of March 15.1979. The gray-colors refer to the seismicity rate decrease, in percent, 
comparing the two periods: March 1981 to January 1988 and February 1988 to June 27 1992. We normal
ized for the different length of these periods and calculated the reduction in percent of the later period com
pared to the first. Nl% the number of events in each volume is 50. The highest decrease in seimicity (93%) 
occurs 10 km north of the epicenter of the 1992 Landers earthquake. The decrease to the east of the ruptured 
fault is higher than on the west side. The area within the 75% decrease contour line has dimensions of 
approximately 23 km x 11 km and contains 161 earthquakes with M ^1.6. The distribution of these earth
quakes are shown in the cumulative number versus time plot in Figure 2.8. The bottom frame compares the 
two periods: March 1981 to December 1989 and January 1990 to June 27 1992. Two lobes of decreased seis
micity to the north and the south of the Landers epicenter appear in this presentation of the anomaly.
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Figure 2.8. Cumulative number of earthquakes as a function of time in the anomalous volume (Frame A) 
of the Landers 1992 rupture, defined by the 75% contour line in Figure 2.7 (top) for different magnitude 
thresholds (M,„jn = 1.6.1.8,2.0.2.2). The thin line at the bottom is the AS(t) function for = 1.6. For all 
magnitude thresholds the onset of the quiescence occurs simultaneously in January 1988 (dotted vertical 
line). The time of the Landers earthquake is marked by an arrow. Frame B: Cumulative number of earth
quakes versus time in the anomalous volume of the Landers 1992 rupture defined in Figure 2.7 (top) for dif
ferent depth thresholds (all events and only events with a depth > 3 km). The onset of the quiescence occurs 
simultaneously in January 1988 (doted vertical line). The graph in the lower right comer shows the depth 
distribution of earthquakes with time. The time of the Landers earthquake is marked by an arrow. Frame C: 
Cumulative number of earthquakes as a function of time in the volume containing 130 events centered at the 
epicenter of the Landers 1992 M = 75  earthquake. The time of the earthquake is marked by an arrow. The 
increase in seismicity at the end of the period is due to foreshock activity. A quiescence anomaly cannot be 
defined at a statistically highly significant level. Frame D: Cumulative number of earthquakes in the southern 
lobe of the anomalous volume defined by the 75% contour line in Figure 2.7 (bottom). A strong seismicity 
decrease starting in November 1989 can be observed before the Landers earthquake.
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Figure 2.9. Map of the rate decrease in 1990 near the 1992 Big Bear M = 6.5 aftershock (diamond), and 
its rupture zone (heavy line). The gray-colars refer to the seismicity rate decrease, comparing two periods: 
March 1 1981 to November 1990 and December 1990 to June 27 1992. We normalized for the different 
length of these periods and calculated the reduction in percent of the later period compared to the first. The 
number of events in each volume is 50, with M ^ ^ l.6 . The highest decrease in seimicity occurs directly at 
the epicenter of the Big Bear earthquake. The cumulative seismicity within the 75% and 100% contour lines 
is shown in Figure 2.10. The squares mark epicenters of earthquakes that occurred after December 1990.
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Figure 2.10. Cumulative number of earthquakes as a function of time in the anomalous volume around the 
Big Bear 1992 hypocenter defined by the 75% and 100% contour lines in Figure 2.9. The magnitude thresh
old is 1.6. The thin line represents the AS(t) function. The time of the Big Bear earthquake is marked 
by an arrow. After November 1990 (dotted vertical line) no earthquake occurred in the smaller of the two 
volumes considered, resulting in a highly significant AS(t) value of 12.3.
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Figure 2.11. Cumulative number of earthquakes as a function of time in the anomalous volume of the 
Landers 1992 rupture, defined in Figure 2.7. All events reported with a magnitude > 0 are considered, and 
no magnitude correction is applied to the declustered catalog. The thin line is the AS(t) function, the time of 
the Landers earthquake is marked by an arrow. The quiescence beginning in January 1988 is clearly visible, 
showing that we have not introduced it through our corrections.
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BIG BEAR 81-90 versus 91-92

Figure 2.12. Magnitude signatures for the rate changes before the 1992 Landers (center) and Big Bear 
earthquake (bottom). The standard deviate z is plotted as a function of magnitude band, estimating the sig
nificance of the rate changes between the two periods given in the titles. Qosed circles show the observed z- 
values. The open circles denote the synthetic magnitude signatures. For comparison the magnitude signature 
for the Parkfield false alarm, and for the return to normal, are shown in the top (flakes mark the false alarm in 
1986. dots the return to normal in 1989). The patterns in the Parkfield case, with humps in the opposite 
directions in the two fields, are caused by a magnitude scale compression (flakes) and a subsequent exten
sion (dots). Because the Landers and Big Bear signatures show only positive values, they cannot be inter
preted as shifting or compressing of the magnitude scale.
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Figure 2.13. Frequency-magnitude plots for background and anomalous periods at Parkfield and Landers. 
Top: background period (solid symbol), compared to anomalous periods for the false alarm at Parkfield. 
Bottom: same for the anomalous volume at Landers. The Big Bear earthquake cannot be considered because 
of the 100% decrease in this case. The numbers during the anomalous periods were normalized to the length 
of the background period, so that the data from the two periods would plot as identical curves if no rate 
change took place in any magnitude band. At Parkfield the total rate (all M) did not change, while the rate of 
large events decreased. This was interpreted incorrectly as a b-value change coupled with quiescence, but we 
now know that compression of the magnitude scale was responsible for this change. The Landers case is dif
ferent: the rates in all magnitude bands, including the total rate, decreased uniformly, with the b-value 
remaining approximately constant. A magnitude transformation cannot achieve the change in the Landers 
case. Thus, we propose that this change is a real anomaly.
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Figure 2.14. Cumulative number of earthquakes as a function of time in the anomalous volume around the 
Big Bear 1992 earthquake, defined in Figure 2.9. In this figure all events reported with a M > 0 are consid
ered and no magnitude correction is applied to the declustered catalog. The thin line is the AS(t) function, 
the time of the Big Bear earthquake is marked by an arrow. The quiescence beginning in December 1990 is 
clearly visible, showing that we have not introduced it through our corrections.
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Figure 2.15. Map of the maximum z-values of all LTA function;; with a window length of 4.5 years in the 
Landers area (upper Figure). The most outstanding anomaly is the quiescence before the Landers earthquake 
starting in January 1988. The bottom figure shows an histogram of z-values for the entire catalog, resulting 
from all possible comparisons of the mean rate within sliding time windows of 4.5 years length to the long 
term average over 11.3 years, calculated for each sub-volume. The positive tail of the histogram is magnified 
separately. The highest z-values in the entire catalog correspond to the Landers anomaly visible in the map 
in the upper Figure, and to the solid black values in the tail end of the histogram. The thin line in the histo
gram is a normal distribution with a standard deviation of 0.81 and the mean 0.
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Figure 2.16. Map of the maximum z-values of all LTA functions with Tw= 3.0 years (upper Figure). The 
most outstanding anomaly is the quiescence before the Landers earthquake starting in January 1988. The 
cumulative number versus time plot for the second highest anomaly (arrow in the map) is shown in the bot
tom Figure. A significant decrease in the seismicity rate started in this volume in 1986 and was ended by a 
moderate earthquake (M = 4.3) on June 4 1989.
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Figure 2.17. Map of the maximum z-values of all LTA functions with Tw=1.5 years (upper Figure). The 
most outstanding anomaly is the quiescence before the Big Bear earthquake starting in December 1990. The 
bottom Figure shows an histogram of z-values for the entire catalog, resulting from all possible comparisons 
of the mean rate within sliding time windows of 13 years length to the long term average over 11.3 years, 
calculated for each subvolume. The positive tail of the histogram is magnified separately. The highest z-val- 
ues in the entire catalog correspond to the Big Bear anomaly, visible in the map in the upper Figure and to 
the solid black values in the tail end of the histogram. The thin line is a normal distribution with a standard 
deviation of 1.7 and the mean 0.
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Chapter 3. Details of the Seismic Quiescence prior to the 
Landers 1992 Earthquake Sequence

3.1 Abstract

The Mw=7.3 Landers and Mw=6.2 Big Bear earthquakes were preceded by a seismic 

quiescence of 1.5 - 2.5 years. We map the extent of the quiescence using data from 15 km wide 

cross sections along- and across-strike of the ruptured faults. We identify two areas, each 

approximately 5 km wide, of significantly diminished seismicity in the vicinity of the Landers 

hypocenter, separated by a region of foreshock activity. The quiescence prior to the Big Bear 

earthquake coincides precisely with the hypocenter. The existence of a precursor to the Big Bear 

earthquake indicates that this earthquake should not be considered an aftershock to the Landers 

event, but a prematurely triggered independent event. The locations of quiescent volumes on the 

Landers fault correspond to areas of high moment release during the rupture. This observation 

supports the hypothesis that areas of high stress, or asperities, are more likely to show seismic 

quiescence. Based on the correlation of quiescence with fault segments of known high stress, and 

the absence of quiescence in the segment with known low stress we propose that it is more likely 

that quiescence is due to dilatancy hardening than to slip-softening. We introduce a new 

technique to identify all false alarms above a given significance. An ’Alarm Cube' shows all 

alarms in the space time volume of investigation and allows the calculation of the total space 

time volume that is covered by alarms. For the Landers earthquake sequence, an alarm threshold 

of the standard deviate z = 6.5 can predict two out of three mainshocks with no false alarms and 

with less than 1% of the total space time volume covered by alarms. Based on the hypothesis of 

seismic quiescence, we propose an empirical relationship between the significance of a 

seismicity rate decrease, as measured by the standard deviate z, and the probability of an 

earthquake occurring.

3.2 Introduction

The 28 June 1992 Mw = 7.3 Landers earthquake, together with the Big Bear Mw = 6.2 

’aftershock’ on the same day and the Mw = 6.1 Joshua Tree earthquake on April 23, represent the 

most extensive and well recorded sequence of major seismicity in southern California (e.g. Sieh
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et al., 1992; Hauksson et al., 1993). In a previous paper (Wiemer and Wys.y, 1994) we have 

documented that seismic quiescences preceded the Landers and Big Bear earthquakes but not the 

Joshua Tree earthquake. We used a gridding technique to sample the seismicity in overlapping 

volumes containing a constant number of earthquakes. This enabled us to visualize the seismicity 

rate changes as an almost continuous function of space and time. However, our description was 

limited to a map view of the anomaly. In this paper we show recent progress in our software 

tools that allows us to sample the seismicity in cross section, and we apply this technique to the 

Landers sequence. We found that cross sections oriented along (or perpendicular to) the strike of 

faults reveal information not available in map views. For example, a seismicity rate decrease at 

depth can be obscured by a seismicity rate increase for shallow earthquakes, thus resulting in a 

map view indicating little change. In cross section the difference between two such contrasting 

volumes can be mapped. Since many large earthquakes initiate in the lower part of the 

seismogenic crust, seismic quiescence may be limited to deeper volumes in many cases.

We define the precursory quiescence hypothesis in the following way (Wyss, 1986; Wyss 

and Habermann, 1988a): a statistically significant decrease of the independent seismicity rate 

that occurs in a restricted segment of a seismogenic zone. The rate decrease is terminated by a 

mainshock and the quiescent volume covers all or major parts of the source volume. Previous 

case studies (Wyss and Burford, 1987; Wyss, 1986; Wyss and Habermann, 1988b; Wyss and Fit. 

1989) typically show a decrease in the seismicity rate of 50-70%, with anomaly durations of one 

to several years. The rate decrease should be present in all magnitude bands above the minimum 

magnitude useful for analysis, otherwise it is suspected that the anomaly may be artificial.

3.3 Data

We use the Southern California earthquake catalog provided by the California Institute of 

Technology and the USGS for studying the seismicity rate in the Landers region. Figure 3.1 

shows a map view of the seismicity for the period March 1 1981, to June 27, 1992, and the 

location of the three cross sections along and perpendicular to the strikes of the Landers and Big 

Bear faults used in this study. Only the independent seismicity is shown, as the data were 

declustered using a modified version of Reasenberg’s (1985) algorithm (Wiemer and Zuniga. 

1994). We did not apply to the catalog any corrections for suspected magnitude shifts. The 

minimum magnitude cutoff used to avoid fluctuations in reporting of small events was =
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1.6.

The main advantage of sampling the seismicity using a gridding technique is that one can 

create an almost continuous visualization of seismicity rate changes in any volume, without 

relying on a few arbitrarily chosen polygons (Wiemer and Wy.v.v, 1994). It is possible to detea all 

false alarms above a given significance by software which is part of a larger package, ZMAP, to 

investigate seismicity rate changes (available via anonymous ftp; Wiemer and Zuniga, 1994). 

The 15 km wide cross sections were obtained using a Lambert projection, sampling the 

seismicity in overlapping volumes containing 50 earthquakes each and using a grid with a 1 km 

spacing. The significance of seismicity rate changes in each volume at time t can be measured 

using the standard deviate z-test (Habermann, 1983).

3.4 Method

- ( 0  =
/?i - R 2 ( 1 )

R, is the mean rate in period 1 (from r0 to /), R2 the mean rate in period 2 (from t to t+/wl). 

where r is the ’current’ time < r < re) and r,v/ a fixed window length (e.g. 1.5 years), ct/ and a2 

are the variances in these periods, and n2 and n2 the number of samples. We assign each z-value 

a color. Red colors indicate a seismicity rate decrease, blue a seismicity rate increase. Regions 

were the seismicity rate is too low (as measured by the radius of the cylinder containing 50 

earthquakes) were excluded from the analyses.

3.5 Results

Figure 3.2 presents the cross sections along the strike of the Landers and Big Bear 

earthquakes. Using equation 1 we compare the seismicity rate in two periods: 1981.3 - 1990 and 

1990 - 1992. Two regions of reduced seismicity (red) can be identified in the cross section along 

the strike of the Landers fault. The first anomaly is centered two kilometers south of the 

mainshock hypocenter at depths between five and ten km. Note that each grid-point samples the 

seismicity in a volume of up to eight kilometers in radius. Thus, the volume to the south of the
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hypocenter, showing the strongest decrease in the seismicity (z = 6.7), includes the hypocenter. 

This anomaly starts abruptly in 1990 with a drop in the seismicity rate to zero for the following

2.3 years (2nd and 3rd cumulative curves at top of Figure 3.2). The second anomaly is centered 

15 km to the north of the hypocenter at five kilometers depth, coinciding with the location of the 

1979 M = 5.3 Homestead valley earthquake. This anomaly starts in 1988, with a further decrease 

in the seismicity rate in 1990 (2.5 years prior to the Landers mainshock, 1st cumulative curve at 

top of Figure 3.2). We are not able to extend our analysis more than 35 km to the north of the 

hypocenter, because the seismicity rate in this region from 1981 to 1992.5 is too low to allow 

detailed analysis (Figure 3.1).

Foreshock activity prior to the Landers earthquakes has been described by Dodge and 

Beroza (1996). Our analysis (Figure 3.2) reveals a region of increased seismicity above the 

hypocenter, just south of the quiescent volume. However, it is possible that this increase was 

caused by aftershocks of the Joshua Tree earthquake that have not been removed by the 

declustering algorithm. The cumulative number curve for the hypocenter region of the April 23 

Mw = 6.1 Joshua Tree earthquake (pink cross) reveals no significant decrease in the seismicity 

rate. The seismicity stays remarkably stable over a period of 11 years in this volume (4th 

cumulative number curve at top of Figure 3.2).

The lower part of Figure 3.2 displays a z-value cross section along the strike of the Big Bear 

earthquake. A single outstanding anomaly (z = 6.7) coincides in space and time with the 

hypocenter of this mainshock (black asterix). The seismicity rate in this volume dropped to zero 

in 1990.5 and remained at zero until the mainshock. No foreshock activity can be detected in this 

case. A cross section perpendicular to the strike of the Landers fault (labeled C in Figure 3.1) is 

displayed in Figure 3.3. The width of the cross section was 30 km, and the number of events in 

each volume surrounding a grid point is 100. In this representation, the quiescence and the 

hypocenter (black star) coincide precisely. The quiescent volume has a width of approximately 

20 km and is surrounded to the east and west by areas of stable or increased seismicity.

3.6 The ’Alarm Cube’

Important questions one has to answer when investigating precursors to earthquakes are: (1) 

how significant is the observed anomaly, (2) how many false alarms occur, and (3) what
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percentage of space time is covered with alarms? We introduce a new technique to address these 

questions for the analysis of seismic quiescence: the ’Alarm Cube'. The seismicity is again 

gridded using 1km grid-spacing and seismicity rate changes are mapped at a time t using 

equation 1. The time r is stepped through the catalog in two week time steps. Therefore, we cover 

all of space-time with a three-dimensional grid (1km by 1km by 2 weeks). An alarm of length 

Taiarm *s declared when the standard deviate z-value at one grid point exceeds a given threshold 

zaiarm- Figure 3.4 shows the result of such an analysis for the Landers region, using a LTA 

window length of 1.5 years, an alarm threshold of -aiann -  6-5. and alarm length Talarm of 1.5 

years. A three dimensional view of the cube is shown at the left of Figure 3.4. The map of 

Southern California with faults and the 1992 rupture are plotted at the bottom. The rupture is 

plotted again at the top of the cube for reference. Time progresses from the bottom to the top of 

the cube. The beginning of each alarm is shown as a circle, with a line following it, marking the 

duration of the alarm. One can see that the alarms only occur towards the end of the time period 

and near the epicenters of the two large earthquakes. However, it is not easy to evaluate the exact 

location in time and space from the 3-D view. For this reason the alarm cube can be rotated in 

our software, and we present two additional views in Figure 3.4. The map view (center) shows 

that all alarms are located near the two 1992 rupture traces and the epicenters. The view with 

time and longitude as coordinates shows that all alarms occur before, and last up to, the two large 

earthquakes. From this analysis we conclude that at the chosen threshold for alarms only three 

alarm-groups occur, and that these are correlated in space and time with the two large 

earthquakes. Therefore, we propose that these periods of quiescence were precursors to these 

shocks.

We also use the alarm cube analysis to investigate the percentage of the total space time 

volume covered by alarms and thus judge the probability of an anomaly correlating with a 

mainshock by chance. We calculate the total space-time volume Vi0tal as a sum over all grid 

points

^ to ta l ~  ^  ^ .r y  ^ to ta l @ )
x, y, t '
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where Rx v is the radius of the circle containing 100 earthquakes at each grid-point and Ttotal 

is the time length of the catalog in years. The space-time volume Valarm covered by alarms can be 

expressed as:

V alarm = £  ,  T alarm 0 )
_ " 'a la rm 'a la rmx, y, t

with Talann being the time length of the declared alarm. Valarm is a function of the alarm 

threshold :aiann- Both Valarm ^  Vtotal contain individual volumes that are not independent but 

overlap in space and time. The percentage F of space time covered by alarms is consequently

F  =  - ala-~  , and is shown as a function of the alarm threshold za|arm (Figure 3.5a).
* to ta l

As an example, for an alarm threshold zalarm = 6.5 only 0.2% of the total space time volume is 

covered with alarms.

To measure the performance of the algorithm, it is also necessary to estimate the number of 

successful predictions and the number of false alarms as a function of alarm threshold. We 

adopted the following rules to measure the false alarm and success rate:

(1) An alarm is declared if the z-value at a point H(^ y t) exceeds the threshold zaiarm.

(2) If an alarm volume of radius Rxy contains a part of the rupture (two vertical planes 

along the surface ruptures defined in Figure 3.1) and lasts up to the main shock, it is 

considered a successful correlation, otherwise it is counted as a false alarm.

(3) The length of each alarm window is 1.5 years.

Using these definitions we calculated the ratio of successful predictions versus false alarms 

as a function of alarm threshold (Figure 3.5b). A 100% ratio means that all alarms were 

successes, no false alarms occur. For an alarm threshold Zaiann = 6.5 we find that the success 

ratio is 91%, if we raise the alarm threshold to 7.4 no false alarms occur.

Although we detect 59 individual alarms at an alarm threshold of z = 6.5, these alarms
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fall into groups (Figure 3.4). We define a number of alarms to be a group if they overlap in space 

and time. The alarm cube analysis will automatically identify all groups, which then can be 

investigated individually. We identify three alarm groups: the first surrounding the Big Bear 

epicenter, the other two to the north and south of the Landers epicenter. If we consider group 

alarms as the only significant alarms there are no false alarms. All groups are centered on parts 

of the 1992 rupture.

To estimate the chance correlation of the alarm volumes with the mainshocks we will 

define a precursor volume, Vpre. This is the volume (space-time) within which alarms are 

considered precursors, outside of it they are called false alarms. We accept an alarm as a success 

if the volume Rx v with z i> zalarm overlaps with part of the faults and the mainshock occurs 

within the Talann. Using this definition Vpre=3.7% of Vlotal. Therefore, we would expect 3.7% of 

all alarms to correlate (according to our definition) with the mainshocks, if the alarms were 

distributed randomly in space-time. The actual success rate is 91% (for zaiarm=6.5. Figure 3.5b). 

Thus, we observe a 25 fold concentration of alarms in the precursor volume, as compared to a 

random distribution of alarms. Also, the probability of an M=7 earthquake in the pan of southern

California studied is approximately 3 10'3 per 1.5 year window. Thus, the unique correlation of 

quiescence with the Landers earthquake has an exceedingly low probability to occur by chance. 

We therefore conclude that our observation of precursory seismic quiescence before the Landers 

and Big Bear earthquakes strongly supports the quiescence hypothesis, but it does not establish it 

as certain.

3.7 Probability Maps

In a first attempt to quantify the enhanced probability of an earthquake occurring based on 

the seismic quiescence hypothesis, we propose an empirical relationship between the 

significance of a seismicity rate decrease and the probability, p, of an earthquake occurring. We 

assume:

(1) if z < 2.57, the probability of an earthquake in the magnitude range of interest is the 

Poisson probability estimated from the long term rate A./,. For the case of the Landers 

earthquake A./, = 0.0024 per year (D. Jackson, personal communication, 1995).
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(2) The probability for a large earthquake in locations with z i> 2.57 is proportional to z.

(3) The maximum probability should reach values of about 0.5, based on the 

observation that the number of false alarms approximately equals the number of 

precursory anomalies.

Under these assumptions, we introduced the empirical relation:

p = 1 -------------------- ----------------=- r> 2 .5 7
e x p a /f + 0 .0 3 ( i - 2 .5 7 H  (4)

P  =  1 --------- ^ 2-57exp (A/r)

Using equation (4) we transform the z-value maps into probability maps. Figure 3.6 presents 

the probability cross sections based on the z-values in Figure 3.1. The maximum probability 

reaches a value of 0.45 in a volume coinciding with the Big Bear hypocenter, and 0.35 for the 

volume just south of the Landers hypocenter. We apply the same transformation to the z-values 

in map view (Figure 3.7). The time-cut shown compares the seismicity from 1981.3 - 1990.5 

and 1990.5 - 1992.0 using equation 1 and a 1 km grid spacing. Four regions of increased 

probability can be observed (A-D in Figure 3.7), which correspond in space and time with the 

location of the Landers and Big Bear ruptures.

3.8 Discussion and Conclusions

To establish a phenomenon as a precursor one has to show convincingly that it correlates 

with large earthquakes and that the correlation is not likely due to chance. We submit that both of 

these conditions are fulfilled by seismic quiescence in the part of the southern California crust 

surrounding the Landers earthquake sequence of 1992. Previously we have shown that 

quiescence presented in a map view, without consideration of hypocentral depth, correlated with 

the epicenter of the Big Bear and the central portion of the Landers rupture (Wiemer and W ra,

1994). This correlation, and the duration of quiescence for several years before and up to these 

two large earthquakes, were interpreted as evidence linking the two phenomena. The detailed
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analysis of the seismicity rate in cross sections (Figures 3.2 and 3.3) makes the spatial correlation 

even more clear. The hypocentral volumes and the fault segments with the greatest moment 

release correlate with seismic quiescence.

In the case of the Big Bear earthquake the hypocentral volume coincides exactly with the 

crustai volume that became quiet about 2 years before the shock (Figure 3.2). The rupture was 

relatively simple and short (20 km), not multiple as in the case of Landers, and so was the 

quiescence which was centered on the rupture and included all of it, as seen in the cross section 

as well as in map view (Figure 3.9 of Wiemer and f f r a ,  1994). We thus confirm our proposal 

that a quiescence precursor preceded the Big Bear earthquake. If one accepts that the seismic 

quiescence was a precursor to the Big Bear earthquake then one accepts the idea that some form 

of failure process was under way during 1990.5 to 1992.5. As a corollary this means that the Big 

Bear earthquake was due to occur within a relatively short time (one or two years) after 1992.5 

even if it had not been triggered by the Landers main shock. In other words, the Big Bear 

earthquake was not an aftershock of the Landers main shock, but an independently ready event, 

possibly triggered prematurely by the Landers shock.

The Landers rupture was long (about 80 km) and complex, with varying slip and moment 

release along the fault (e.g. Abercrombie and Mori, 1994; Cohee and Beroza, 1994; Wald and 

Heaton, 1994; Hudnut et al., 1994; Freymueller et al., 1994). The seismicity pattern was also 

complex. The northernmost 25 km of the rupture could not be investigated because the 

seismicity rate was too low. The southernmost approximately 30 km did not show a rate change 

at any time, although it produced the Mw 6.1 Joshua Tree earthquake. The central 30 km of the 

rupture, surrounding the hypocenter, showed various degrees of quiescence. The sharpest and 

most significant quiescence was centered in a volume 5 km south of, and at depths equal to the 

hypocenter (Figure 3.2). The fault segment adjacent to the hypocenter and north of it showed 

somewhat longer lasting quiescence at depths shallower than the hypocenter. This fault segment 

was characterized by high moment release (e.g. Cohee and Beroza. 1994; Wald and Heaton. 

1994; Hudnut et al., 1994; Freymueller at al., 1994). We postulate that the correlation of seismic 

quiescence with the location of the initial rupture and a region of high moment release indicates 

that it was a precursor to the Landers main shock and we interpret its distribution along the 

rupture as follows. Quiescence occurred in the highly stressed segments of the fault, surrounding
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the hypocenter and north of it. Based on the absence of quiescence in the southern 30 km of the 

rupture we suggest that the stress level there was comparatively low. The low stress level in the 

southern part is confirmed by the estimates of slip distribution along the fault. Further, our 

interpretation also agrees with the observation that the Joshua Tree earthquake was unable to 

trigger the Landers rupture, although the elastic energy was stored and ready to be released at the 

time, which means that the ambient stress in the southern part o f the Landers rupture was 

relatively low.

From the correlation of areas of high moment release with the quiescence we conclude that 

the latter correlates with high stress volumes. Based on this observation we suggest that it is 

more likely that precursory quiescence is due to dilatancy than to a slip- or strain-softening 

process. In our interpretation the sharp reduction in the normally constant rate of earthquake 

production signals a change in process. The two most obvious processes that occur in rock 

failure in die laboratory that could cause this are slip-softening and dilatancy (e.g. W m  and 

Habermann, 1988b). If precursory creep occurs along a fault segment, then the ambient stress in 

it will be lowered slighdy and quiescence may result (e.g. Stuart, 1979, 1994) because small 

earthquakes that were ready to occur will be delayed in rupturing until additional stress is 

accumulated. Alternatively if dilatancy occurs the pore pressure will drop and the volume will 

strengthen (e.g. Scholz et al„ 1973; Scholz, 1988) not allowing earthquakes to occur at the same 

rate as previously. Based on the correlation of quiescence with fault segments of known high 

stress, and the absence of quiescence in the segment with known low stress we propose that it is 

more likely that quiescence is due to dilatancy hardening than to slip-softening.

The ’Alarm Cube' analysis (Figures 3.4 and 3.5) and the probability maps (Figures 3.6 and 

3.7), are steps towards a rigorous test of the quiescence hypothesis. The alarm cube allows the 

identification of all anomalies in space-time above a given significance threshold. For the 

Landers sequence we were able to find an alarm threshold above which no false alarm occurs 

and for which two out of three mainshocks occur in a space-time volume containing an alarm. 

The percentage of the space time volume covered with an alarm is less than 1% for this alarm 

threshold.

The quiescence anomalies described by us earlier (Wiemer and W m . 1994) can be 

confirmed by viewing seismicity rate changes in cross section. We propose that in many cases a
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cross section may provide a better way to visualize the seismicity rate changes in a fault system 

by revealing information masked in map views. In areas where the seismicity rate is sufficiently 

high, we will also attempt a true three dimensional (x,y,z) analysis of seismicity rate changes as a 

function of time. Although the focus of this paper is the analysis of seismic quiescence, the 

presented techniques (cross section analysis and the alarm cube) also provide advanced tools to 

investigate the homogeneity of earthquake catalogs and artificially introduced seismicity rate 

changes.
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3.10 Figures

March 1981 - June 27,1992

- 11T  00 '  - 116°  30 '  - 116°  00 '

Figure 3.1. Epicenter map of the Landers area showing the epicenters of Landers 28.06.92 M». = 7.3 main
shock (large diamond) and of the 28.06.92 M .̂ = 6.2 Big Bear aftershock (small diamond). For both earth
quakes the rupture (based on the aftershock distribution) is plotted as a thick line. The epicenter of the 
Joshua Tree (23.04.92 M .̂ = 6.1) earthquake is marked by a triangle. The thinner lines correspond to other 
mapped faults. The small circles show the epicenters (M> 1.6) contained in the declustered catalog we used 
in our study (5655 events). The catalog spans the time from March 1981 to 27 June 1992. Marked as AJ3, 
and C are the three cross sections presented in Figures 3.2 and 3.6.
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Figure 3.2. z-value cross sections along the strike of the Landers fault (top, profile A in Figure 3.1) and the 
Big Bear fault (bottom, profile B in Figure 3.1). Using the standard deviate z. we compare the seismicity 
rates from 1980.3 to 1990 to those from 1990 to 1992. Positive z-values (red) indicate a decrease in the seis
micity rate, negative values (dark blue) an increase. The hypocenter location o f the two mainshocks is 
marked by a black asterix. the hypocenter of the Joshua Tree earthquake is marked with a pink cross. Cumu
lative number plots containing 50 earthquakes are shown for six regions.
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Figure 3.3. z-value cross section, perpendicular to the Landers fault(profile C in Figure 3.1). Cumulative 
number plots containing 50 earthquakes are shown for two regions.
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Figure 3.4. Alarm cube for the Landers region in three different orientations. The cube represents a space 
time volume (longitude, latitude and time). An alarm is declared when the standard deviate z exceeds the 
threshold of z^arm = 6.5. The beginning of the alarm is indicated by a circle, the duration of the alarm (1.5 
years) corresponds to the length of the 'tail'. Thick lines represent the Landers and Big Bear ruptures.
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Figure 3.5. Space time volume covered by alarms as a function of alarm threshold (top). Bottom: rado of success
ful alarms to false alarms in percent as a funcdon of alarm threshold.
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Figure 3.6. Probability distribution derived from the two z-value cross sections shown in Figure 3.2. Using 
an empirical relation (equation 4) we transformed the z-value at each grid point into the probability of an 
earthquake occurring based on the seismic quiescence hypothesis.
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Figure 3.7. Map view of the probability function. The z-values have been calculated using a window 
length of 1.5 years and the two time periods compared are 1981.3 -19905 and 19905 - 1992. Using an 
empirical relation (equation 4) we transformed the z-value at each grid point into the probability of an earth
quake occurring based on the seismic quiescence hypothesis. Cumulative number plots (A-D) are shown for 
four anomalous regions, where the circles in the map contain 100 earthquakes each.
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Chapter 4. Mapping the 6-value Anomaly at 100 km Depth in 
the Alaska and New Zealand Subduction Zones1

4.1 Abstract.

A positive anomaly in the frequency-magnitude distribution (b-value) is detected at approxi

mately 90-100 km depth in two subduction zones. The 6-value in this anomalous zone is 40% 

higher than in adjacent volumes. We use regional catalogs with a magnitude of completeness of 

2.6 (Central Alaska and Cook Inlet), 2.0 (Shumagin Islands), and 3.5 (New Zealand). To resolve 

the 6-value as a function of space in more detail, we project all earthquakes onto planes perpendic

ular to the strike of the slab. These cross-section views of the 6-value distribution locate the high 6- 

value anomalies at a depth of 90-100 km. on the upper surface of the Wadati-Benioff Zone. At 

these depths, slab dehydration may increase pore pressure, thus lowering the effective stress and 

increasing the 6-value. Increased pore pressure would also lower the solidus in the overlying 

asthenosphere, giving rise to the volcanism that occurs directly above this zone.

4.2 Introduction

Arc volcanism in the Alaska and New Zealand subduction zones is strongly correlated with 

the 100 km depth contour of the Wadati-Benioff Zone (Gill, 1981). This observation, combined 

with petrological evidence for the source-depth of arc volcanism, has led to the widely accepted 

concept that dehydration of the subducting oceanic crust at about 100 km depth provides fluids 

necessary to lower the solidus of the overlying mantle. In this study we document that an anomaly 

in the frequency-magnitude (f-m) distribution of earthquakes exists at this depth.

Many studies of the f-m distribution as a function of time, space, and depth have been con

ducted since Ishimoto and lida (1939) and Gutenberg and Richter (1954) introduced the relation 

between the frequency of occurrence and magnitude of earthquakes: log/oN=a-bM, where N  is the 

cumulative number of earthquakes having magnitudes larger than M, and a  and 6 are constants. 

Various methods have been suggested to measure both 6 and its confidence limit (Bender. 1983;

1. Stefan Wiemer and John P. Benoit. Geophys. Res. Lett., 23.1557-1560,1996.
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Shi and Bolt, 1983). Anderson et al. (1980) investigated the 6-value as a function of depth beneath 

northern Japan and showed an increase in b at 70-90 km depths, which, according to them may 

indicate the depth of the amphibolite to eclocite phase transformation within the subducted oce

anic crust. However, the data available to Anderson et al. (1980) were limited and they used rela

tively few earthquakes to estimate the 6-value. Frohlich and Davis (1993), using four different 

teleseismic catalogs, criticized Anderson's work and reported that they observed no systematic 

global variation of 6 with depth. They point out that 6-value changes are often over-interpreted and 

are subject to numerous numerical and systematic errors. In this paper we re-visit the question of 

variation of 6 with depth. Our emphasis is to conduct a high resolution study of the 6-value distri

bution using data from three regional seismograph networks. We focus our study of the Alaska and 

New Zealand subduction zones in the depth range 70-130 km, the depth believed to be the source 

region of arc volcanism (Gill, 1981).

4.3 Data and Method

Data from three regional seismograph networks are used: Central Alaska and the Cook Inlet 

region, Shumagin and Unalaska region, and New Zealand. All catalogs used M l . We determined 

for each catalog the magnitude of completeness (Mc) as a function of space and time. Assuming a 

constant 6-value, Me was determined by visually inspecting f-m distributions for a variety of sub

sets in space and time. We also mapped Me using the maximum of the derivative of the f-m distri

bution as a first order approximation of the magnitude of completeness. In addition, we tested the 

catalogs for major artificial changes in the magnitude reporting. Using these criteria the following 

data-sets were selected: ( /)  Central Alaska and Cook Inlet (Figure 4.1a): This catalog is compiled 

by the Alaska Earthquake Information Center (AEIC) (Fogleman et al., 1996) and covers the 

period from June 1989 to June 1995. The station distribution of the network provides good cover

age for Central Alaska and Cook Inlet, with Me increasing south-west of Iliamna volcano. There

fore, we excluded earthquakes west of 153.5°W. Although the catalog is for the most part 

complete down to magnitude 2.2, we chose a magnitude threshold of M[ £2.6 to accommodate the 

increase of Mc with depth and towards the West. Because the relative and absolute location uncer

tainty, especially in depth, decreases for larger events, a conservative estimate of Me appears sensi

ble. Our final catalog contained 1622 earthquakes, the largest catalog we investigated. (2) 

Shumagin and Unalaska Islands (Figure 4.1a): We used the catalog compiled by the Lamont-
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Doherty Earth Observatory. Abers (1994) gives a detailed description of the seismographic net

work and the catalog quality. The most reliable section of the catalog spans the period June 1980 to 

January 1989. We estimated Me = 2.0 for the depth range 70-130 km. leaving 323 events for this 

study. (3) New Zealand (Figure 4.1b): We used the catalog from January. 1988 to August 1994, 

compiled by the Seismological Observatory, Institute of Geological & Nuclear Sciences in New 

Zealand (Anderson and Webb, 1994). We found Mc=3.5, leaving 956 events for our study.

We calculated the b-value by both the maximum likelihood and the weighted least squares 

methods (Bender, 1983; Shi and Bolt, 1983). For samples larger than 100 events and magnitudes 

that span more than two magnitude units, both methods give almost identical results and differ

ences between the two methods usually indicate that the Me value is too small. A sliding spatial 

window is used to analyze the b-value as a function of depth. Windows contain 150 or 75 events 

and are moved forward by increments of 10% of the window length (15 or 7 events).

To visualize the spatial distribution of b-values in more detail, we project all earthquakes onto 

a vertical plane perpendicular to the strike of the trench. We sample the seismicity in cylindrical 

volumes containing 100 earthquakes each centered on one grid-element of a 1 by 1 km rectangular 

grid. A b-value is calculated for each volume and then assigned a color. Red colors indicate a high 

b-value, blue a low b-value. During our analysis we interactively confirmed anomalous regions by 

inspecting the f-m distributions and the fits to the curve. We use a constant number of earthquakes 

in each volume rather than constant volumes in order to be able to meaningfully compare the b- 
value between different volumes. We can map the radius of each cylindrical volume sampled as a 

measurement of the resolution of our investigation. For a detailed description of the gridding tech

nique used we refer to Wiemer and Wy.ss (1994). The software used, ZMAP, is part of a software 

package to investigate seismicity rate changes. ZMAP is available via anonymous ftp (Wiemer and 

Ziiiiiga, 1994).

4.4 Results

For the AEIC catalog, we calculate an overall b-value of 0.95 ±0.04. The b-value as a function 

of depth for this region is shown in Figures 4.2a and b. The highest b-value, b= 1.27 is calculated 

from an 8.5 km wide window centered at 97 km depth containing 150 events. Note that the maxi

mum likelihood and least squares estimates for the same data set (Figures 4.2a and b) are almost
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identical. We varied the number of events in each slice as well as Me, to verify that this peak is sta

ble and does not depend on the choice of parameter. To confirm our result, we tested two addi

tional catalogs covering the same region: The first catalog, covering a different time period (USGS 

catalog from 1972-1987, Fogleman et al., 1993), showed a high 6-value at the same depth. The 

second catalog, composed of relocated hypocenters from the AEIC (Ratchkovsky, 1995) showed an 

anomaly at 105 km depth.

For the Shumagin region, we calculate an overall 6-value of 0.84 +0.08. Again, we observe a 

peak in the 6-value distribution (Figure 4.2c). The highest 6-value, 6=1.12 is calculated from a 17 

km window centered at 98 km depth containing 75 events. Due to the small number of events in 

the catalog, the depth resolution is poor and we detea a broad peak spanning a depth range from

95-110 km. The New Zealand catalog shows the highest overall 6-value of 1.14±0.13. The shape 

o f the 6-value with depth curve matches the two other regions closely. A peak value (6=1.45) is 

observed at a depth of 96 km. The 150 earthquakes of this anomalous population cover the depth 

range 91-103 km (Figure 4.2d).

Two cross-section views were analyzed for the AEIC catalog (Figure 4.3). The location of the 

cross-sections is shown in Figure 4.1a. The first cross-section transects the Cook Inlet region and 

contains the active volcanoes Mt. Iliamina and Mt. Augustine. The second profile transects the 

northern edge of the WBZ (Mt. McKinley region), where no major volcanism has occurred during 

the Holocene. Both profiles show a region of higher 6-values at a depth of 90-100 km, located in 

the upper part of the WBZ. A second region o f high 6-value is identified at a depth of 70-80 km. 

We show the f-m distribution for two volumes (marked 1 and 2 in Figure 4.3) to demonstrate that 

the change is not a subtle effect that can be explained by numerical variation in estimation of b. 

The two distributions (Figures 4.3a and 4.3b) are dearly different for all magnitude bands consid

ered and follow dosdy the linear Gutenberg-Richter relation. The distributions are significantly 

different at the 95% confidence level based on an F-test.

The cross-section view analyses for the Shumagin Islands region (Figure 4.3c) and New 

Zealand (Figure 4.3d) show high 6-value anomalies in the upper part of the WBZ at depths of 

about 90-100 km. For the New Zealand catalog a second anomaly at 70-80 km is visible (Figure 

4.3c). In addition to the described high 6-value anomalies it appears that the 6-value for all four
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cross-sections is higher for the upper plane of the WBZ.

4.5 Discussion and Conclusions

Does the f-m distribution vary significantly with depth? We have shown (Figures 4.2 and 4.3) 

that the answer to this question must be ‘yes’ for the three regions under investigation. We observe 

a 30-40% increase o f 6 at depths of 90-100 km. Two different analysis techniques show this anom

aly: analyzing the earthquakes as a function of depth (Figure 4.2) and in cross-section (Figure 4.3). 

We believe that the cross-section view analysis is the superior approach if a sufficient number of 

earthquakes permits a detailed analysis. Cross-sections allow resolution of the distribution of b in 

two dimensions, whereas the depth slice analysis is only one dimensional. A depth slice at 90-100 

km results in sampling the earthquakes in a high and a low 6-value region, thus mixing two differ

ent populations. We calculated 6-values in cross-sections parallel to the strike of the slab in an 

attempt to map out the lateral extent of the anomalies, but the results were inconclusive.

The same qualitative behavior of the f-m distribution as a function of depth is observed in 

three regions in two subduction zones, using data from three independent seismograph networks. 

This provides strong evidence that these anomalies are related to a general phenomenon associated 

with the subduction process. Although it may be difficult to compare absolute 6-values between 

different seismic networks and tectonic regimes, the relative behavior of the magnitude-ffequency 

distribution as a function of depth for each network is less likely to be influenced by systematic 

differences in magnitude reporting. For the AEIC catalog we investigated in detail the possibility 

that the changes could be correlated with artificial changes in the magnitude reporting or earth

quake locations. For the selected data-set we found an average RMS residual of 0.22 s, an average 

32 stations reporting, and an average location uncertainty measured by the axis of the hypoellipse 

error ellipsoid of 1.6 km horizontally, and 3.5 km vertically. We did not find an anomalous or irreg

ular behavior that correlated with the described changes in the f-m distribution for any of these 

quality parameters. The average radius of the cylindrical volumes used in the cross-section analy

sis for the AEIC catalog was 5.4 km. Although we cannot estimate the accuracy of the magnitudes 

reported, we did investigate the homogeneity of magnitude reporting as a function of time and 

space, and found no major changes for the depth range in question.

Changes in the f-m distribution have been related to material heterogeneity (Mogi. 1962).
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effective shear stress (Scholz, 1968; Wyss, 1973), and temperature (Warren and Latham, 1970). 

One or more of these factors may be responsible for the observed 6-value anomaly: (1) Material 

heterogeneity: The strength of the plate may be affected by dehydration embrittlement (Kirby et 

al., 1990) thus changing the frequency magnitude distribution. However, a mechanism to change 

the fabric of the subducting plate at the anomalous depth and a reversal of this change at greater 

depth is difficult to envision. (2) Temperature: The thermal structure of the subducting slab is a 

subject of some contention. There have been many differently calculated thermal-structures pub

lished for subduction zones that we may conclude either that the thermal structures are not yet 

known in detail or that there is considerable variation (Wyllie. 1988). The subducted oceanic crust 

may be relatively warm due to shear heating and heat flux (Ponko and Peacock, 1995), or signifi

cantly cooled by endothermic dehydration reactions (Anderson et al., 1980). However, one might 

expect a more gradual, monotonous change in b as a response to the change in the thermal regime.

(3) Stress: An increase in pore pressure leads to a decrease in the effective stress and an 

increase in b. The increase in pore pressure may be due to the dehydration of hydrous minerals 

within the slab. This dehydration would be expected to take place within a limited depth range, in 

agreement with our observations. Several candidate reactions releasing large amounts of water 

have been proposed, including the greenschist-amphibolite-eclogite (Wyllie, 1988), and the blue- 

schist-eclogite (Peacock, 1993) facies changes. This water may then trigger partial melting in the 

overlying mande. The location of the high b anomaly on the upper surface of the WBZ and 

directly below the volcanic front is strong indirect evidence that high b is associated with high pore 

pressures or low effective stress CAnderson et al., 1980). However, the positive 6-value anomalies 

can be observed even without surface volcanism. Examples include the anomalies at 70-80 km 

depth as seen in cross-section (Figure 4.3) and underlying M l McKinley (Figure 4.3 b). This may 

indicate that while dehydration of the slab is a general feature of the subduction process leading to 

high 6-values, only in some regions the combined effects of temperature, pressure, and the pres

ence of water are sufficient to initiate partial melting of the overlying mantle. Further analysis 

might resolve the differences in the behavior of 6 in active volcanic regions and non-active regions 

in more detail.

Anomalous non down-dip-extension (non DE) earthquakes have been observed underneath the 

volcanic arc by several authors (Iguchi and Ishihara, 1995; Comte and Suarez, 1994). The loca
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tions of these non DE earthquakes correspond roughly with the described 6-value anomalies and 

one might speculate that they are caused by the same mechanism. The anomalous non DE earth

quakes may indicate a perturbation in the local stress field, which in turn may explain the change 

in the f-m distribution. To address this question in more detail it would be useful to perform stress 

tensor inversions for the earthquakes in the anomalous region. Lu and Wys.y (1996) studied the 

stress directions in the Alaska subduction zone in great detail. They detected no change in the ori

entation of the stress field within the anomalous volume at 100 km depth. However, only few well- 

constrained focal mechanisms were available for their study.

In summary, our results indicate that a region of anomalously high 6-value exists at a depth of 

90-100 km in two subduction zones. This anomaly appears to be the result of a fundamental pro

cess connected with the subduction of the slab and the creation of the volcanic arc.
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4.7 Figures
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Figure 4.1. Epicenter maps of Alaska (a) and New Zealand (b) with active volcanoes (triangles) and epi
centers o f  earthquakes (dots) used in this study. The rectangles indicate the locations of cross-sections used 
in Figure 4.3.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



71

Weighted Least Squares B

Weighted Least Squares

a> 1.4
3

Weighted Least Squares

90 100 110
Depth in [km]

Figure 4.2. 6-values as a function o f depth in three subduction zones(a) AEIC catalog: the graph shows 
the 6-values calculated using the maximum likelihood method, vertical bars represent the error-bars in the 
6-value, depth range sampled is the same as in (b). (b-d) same as (a) but 6-values calculated using a 
weighted least squares method, horizontal bars indicate the depth range sampled, (b) AEIC catalog. (c) 
Shumagin catalog, (d) New Zealand catalog.
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Figure 4.3. Cross-sections of the distribution o f 6-values through four subduction zone segments. Red 
indicates a high 6-value. The location of the volcanic arc is indicated, (a) Cook Inlet Alaska along profile A
B (Figure 4. la). For two volumes (1 & 2) the f-m distribution is shown, (b) Central Alaska along profile C-D 
(Figure 4.1a). (c) Shumagin Islands along profile E-F (Figure 4.1a). (d) New Zealand along profile G-H 
(Figure 4.1b).
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Chapter 5. VariationsintheFrequency-MagnitudeDistribution 
with Depth in two Volcanic Areas: Mount St. 
Helens, Washington, and Mt. Spurr, Alaska1

5.1 Abstract

The frequency-magnitude distribution of earthquakes, characterized using the 6-value, is 

examined as a function of space beneath Mt. St. Helens (1988-1996), and Ml Spurr (1991-1995). 

At Mt. St. Helens, two volumes of anomalously high 6 (b >1.3) can be observed at depths of 2.6

3.6 km below the crater floor and below 6.4 km. These anomalies coincide with (1) the depth of 

vesiculation of ascending magma, and (2) the suggested location of a magma chamber at Mt. St. 

Helens. Study of Mt. Spurr reveals an area of high 6-value (6 >1.3) at a depth of about 2.30-4.5 km 

below the crater floor of the active vent Crater Peak. We propose that the higher material heteroge

neity in the vicinity of a magma chamber or conduit due to vesiculation of the ascending magma is 

the main cause of the increased 6-value at shallow depths. Alternatively, interaction of magma 

with groundwater may have increased pore pressure and lowered the effective stress. The deeper 

anomaly at Mount St. Helens is likely caused by high thermal stress gradients in the vicinity of the 

magma chamber. Our results indicate that detailed mapping of the frequency-magnitude distribu

tion can be used as a tool to trace vesiculation and locate active magma chambers.

5.2 Introduction

Many studies of the frequency-magnitude distribution (FMD) as a function of time, space, and 

depth have been conducted since Ishimoto and Ida (1939) and Gutenberg and Richter (1944) 

introduced the relation between the frequency of occurrence and magnitude of earthquakes:

Iogl0N = a-bM (1)

where N is the cumulative number of earthquakes having magnitudes larger than M. and a and 6 

are constants. The slope, or 6-value, of the FMD has been shown in laboratory studies, mines, and 

numerical simulations to depend on a variety of environmental conditions. Several authors 

explained variations in the FMD as being caused primarily by material properties such as hetero-

1. Stefan Wiemer and Stephen R. McNutt, submitted to Geophys. Res. Letters. June 1996.
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geneity (Mogi, 1962), magnitude of applied shear stress (.Scholz, 1968; Urbancic et al., 1992) or 

effective stress (Wv-ss, 1973), and temperature gradient (Warren and Latham, 1970).

Volcanic areas are commonly reported to have high 6-values (e.g. Warren and Latham, 1970). 

and several authors have investigated 6-value changes in volcanic areas as a function of time (e.g. 

Zobin, 1979). In the vicinity of magma chambers all three of the aforementioned mechanisms 

favor a high 6-value. In general, volcanoes have high heterogeneity because of layering of lava 

flows and ash, the presence of cooling cracks, dikes and sills, and high thermal gradients in the 

vicinity of magma. Of course, in magma itself no earthquakes should be produced due to the lim

ited shear strength of molten material. Magma chambers at stratovolcanoes are generally equant in 

shape, and on the order of 1-20 km3 in size (Iyer, 1984). Their depths are mapped at about 5-20 km 

based on tomography, S-wave screening, and post-eruption seismicity (Iyer, 1984).

We chose Mt. St. Helens as our first target for detailed mapping of the FMD because its erup

tions are some of the best documented, it has a high quality earthquake catalog, and the internal 

structure of the magmatic system has been studied by a number of researchers. We then applied 

our method to a similar volcano, Mt. Spurr in Alaska, where the volcanic plumbing system is 

largely unknown.

Although the interpretation of the 6-value remains non-unique, we propose that a high resolu

tion imaging of the spatial distribution of 6-values helps to understand the volcanic plumbing sys

tem. A detailed view of the distribution of 6-values will be presented in this paper. We will show 

that the two regions with anomalously high 6-value coincide at both volcanoes with (1) the sug

gested locations of magma chambers and (2) the depth of vesiculation of the ascending magma. 

Finally, we will interpret the observed anomalies in a framework of material heterogeneity, stress, 

and temperature related effects.

5.3 Data
5.3.1. Mt. St. Helens

Volcano-tectonic (VT; also known as high frequency or A-type) events were selected from the 

earthquake catalog of the University of Washington. Following the results of Moran (1994) we 

decided to use data spanning the period 1988 through January 1996. During this time no major
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eruptions occurred at M l St. Helens. The magnitude range is 0.4 to 2.8 and the events range in 

depth from 0 to 10 km. Moran ( 1994) explained the exponential decay in the number of events 

recorded as being caused by a re-pressurization of the magmatic system.

The overall 6-value of the catalog from 1988 onward is 0.96±0.06, a value close to the average 

world-wide 6-value observed in the seismogenic crust. Using FMD plots we estimate the magni

tude of completeness threshold as McOmp=0.4; below this the number of events declines. We per

form our analyses on the 1674 events with a magnitude £ 0.4. which occurred during the period 

January 1988 to January 1996. We chose zero depth for Mount St. Helens data as the crater floor of 

the volcano (1.9 km above sea level). (In the notation of the Cascade Volcano Observatory (CVO), 

zero depth is at 1.1 km, the mean station elevation, and no earthquakes are located above this 

depth.)

53.2 . Mt.Spurr

Mt. Spurr, an andesitic stratovolcano located in Cook Inlet. Alaska, erupted three times in the 

summer of 1992 through the active vent Crater Peak (Alaska Volcano Observatory, 1993; Eichel- 

berger et al., 1995). Seismicity beneath the active vent Crater Peak dips to the SSW, suggesting 

that the magmatic conduit dips to the SSW (Power et al.. 1995). Long-period earthquakes occurred 

at depths of 20-40 km, suggesting fluid pressurization; volcanic tremor occurred in the upper 1 km. 

presumably in the shallow conduit (McNutt et al., 1995), and a post-eruption earthquake swarm at

5-10 km depths may indicate the top part of the magma chamber (Power et al., 1995).

We use the data set of VT earthquakes recorded by the Alaska Volcano Observatory (AVO) 

with Mcomp=0.1. The period 1991-1995 includes all three 1992 eruptions of Mt. Spurr. Overall, 

these data contain 643 events within about 2 km of Crater Peak and spanning a magnitude range 

from 0.1 to 2.2. Events analyzed ranged from 0 to 12 km in depth. For the Spurr data set, zero km 

depth refers to the floor of Crater Peak at 1.98 km above sea level. Note that the reference datum is 

nearly the same for the two volcanoes, which facilitates comparison.

5.4 Method

We estimate the 6-value by both the maximum likelihood and the weighted least squares meth

ods, because different methods have different advantages and by comparing two methods we can
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ensure that our results are independent of the method used (Bender, 1983). The 6-value is esti

mated in sliding depth windows containing 100 or 200 earthquakes which are then displayed in 

vertical cross-sections. To visualize the 6-value distribution as a function of space in more detail, 

we project all earthquakes using several vertical cross-sections. We sample the seismicity in over

lapping horizontal cylindrical volumes containing 100 earthquakes each, using a grid with a 0.1 

km grid spacing. The 6-value is then estimated for each volume and we assign each 6-value a 

color. Red colors indicate high 6-values, blue low 6-values. For further details on the techniques to 

estimate 6 see Wiemer and Benoit (19%), who applied the same techniques to study the variation 

of the FMD with depth in subduction zones.

We estimate the probability that two FMD’s are different using a test proposed by Utsu (1992). 

If 6/ and b2 are the slopes of two FMD’s, and nt and n2 are the total number of events Larger than 

MComp> then the probability P that the two distributions are different can be written as:

and n=iii + n2. In order to establish a significant difference we will require that two 6-values are 

different at the 99% confidence limit (P=0.01). During our analysis we interactively confirmed 

anomalies by viewing the individual FMD’s. We contour the confidence limits in the following 

way: At each grid-point we compare the 6-value at this grid-point with the 6-value for the remain

ing data-set, using equations 2.

5.5 Results
55.3. Mt. St. Helens

The 6-values as a function of depth, using the sliding window analysis for the Mt. St. Helens 

catalog, are presented in Figure 5.1. The center panel shows a north-south cross-section view of 

the seismicity. The cross-section is 3 km long, 1 km wide and cuts through the center of the resur

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

where (2)

dA  = -  2nln(/ i)  +  2/i jln



77

gent dome. Each of the FMD’s used to calculate b contained 200 earthquakes. The 6-value as a 

function of depth (left panel. Figure 5.1) is low (6<0.8)ffom 0.7-2.6 km and from 3.6-6.4 km, and 

high (6>1.2) from 2.6 -3.6 km and from 6.4-8.0 km. Below this depth the density of earthquakes is 

too low to permit analysis. The right panel of Figure 5.1 shows a histogram of the depth distribu

tion of the events, each bin extending 0.5 km in depth. The anomalous region of 6=1.2 at 2.6-3.6 

km depth correlates with an increased number of earthquakes at this depth. At greater depth no 

noticeable increase in the number of events is visible, despite the increased 6-value. We verified 

our results by comparing FMD’s at different depths. The 6-value for earthquakes at a depths of 1

2.3 km is 0.68 ± 0.05, and at the depth range 2.8-3.6 km it is 6=1.36 ± 0.04. Both curves contain 

about 200 earthquakes and follow closely the linear Gutenberg-Richter distribution. The two dis

tributions are significantly different at the 99% confidence limit using Utsu’s test (equation 2). We 

are therefore confident that the distribution of 6-values with depth as shown in Figure 5.1 is real 

and is not caused by computational artifacts.

Using a 0.1 km grid, we map out the spatial distributions in a two dimensional view (Figure

5.2). The most outstanding anomalies are a volume of high 6-values (red colors) at a depth of 2.7

3.8 km and a volume of high 6-values at a depth of about 6.7-9.0 km. The 99% contour lines (Fig

ure 5.2) indicate that in both regions of increased 6 the anomalies are significantly different from 

the rest of the data at the 99% confidence limit. The result of the cross-section analysis (Figure 5.2) 

confirms the 6-value as a function of depth curve (Figure 5.1). We also calculated an east-west 

trending cross-section view, and mapped views at different depth ranges. All of these views show 

approximately the same distribution of 6. The FMD is shown for four cylindrical volumes in the 

right panel of Figure 5.2. The volumes (labeled A-D in Figure 5.2) were chosen to represent 

regions of extremely low and high 6-value. From these plots it is clear that the distributions are dis

tinctly different. Regions with a high 6-value do not contain any events with magnitudes M> 1.5, 

whereas the low 6-value regions contain events up to magnitude 2.8.

55.4. Mt. Spurr

At Mt. Spurr the analysis of the FMD as a function of depth using the moving window tech

nique for the Crater Peak seismicity (Figure 5.3, left panel) shows a low 6-value at the surface, 

which remains at a minimum of 6=0.75 to about 2 km depth. A sharp peak between depths of 2.9

3.9 km (6=1.2) can be observed, after which 6 drops again. The number of events in each depth bin
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(Figure 5.3, right panel) resembles closely the distribution of 6 with depth.

The spatial distribution of the FMD at Crater Peak was investigated using a SW-NE trending 

cross-section with a length of 3 km and a width of 2 km (Figure 5.3, center panel). One outstand

ing region of anomalously high 6-values can be observed at a depth of about 2.3-4.5 km depth 

underneath Crater Peak (Figure 5.4). The 6-value in this region (6=1.8) is almost twice the normal 

6. The contour lines of the significance of 6 establish that the increase in 6 at this depth is signifi

cant at the 99% confidence limit. We show four FMD’s that represent the extreme values (A-D in 

Figure 5.3). The anomalous region at 3.2 km depth (B) cannot sustain earthquakes larger than 

M=0.6, whereas at other depths events with a magnitude of up to 2.2 occur. A final increase of 6 at

10.8 km depth can be observed in both the cross-section (Figure 5.4) and the 6-value versus depth 

curve (Figure 5.3). Unlike Mount St. Helens, Mt. Spurr has deeper seismicity extending to depths 

of >40 km. We obtained a 6-value of 1.67 for the 80 events between 20 and 40 km depth. Petro

logic evidence (Nye et al., 1995) suggests the existence of a deep (>20 km) magma chamber at 

Spurr, in agreement with the high 6-value.

5.6 Discussion and Conclusions

Our results show that the 6-value varies significantly as a function of depth (Figures 5.1 and

5.3) and location (Figures 5.2 and 5.4) under the two volcanoes investigated. The detailed analysis 

of the FMD is capable of resolving two distinctly different areas: (1) volumes containing average 

to low 6-values (6=0.8±0.2), and (2) volumes containing high 6-value anomalies (6=1.510.3). 

Regions of high 6-value in our analysis are characterized by an increased number of events (Fig

ures 5.1 and 5.3), and typically have a largest event one magnitude unit smaller than the surround

ing regions. Based on these observations we believe it is incorrect to assume that volcanic areas 

can simply be characterized by an overall higher 6-value. Instead we propose that anomalously 

high 6-value pockets exist in a crust otherwise described by an average or normal 6-value. Our 

results emphasize the heterogeneous properties of the crust that can be studied, given high quality 

earthquake catalogs.

For Mt. St. Helens, we find that the two volumes with anomalously high 6-value coincide in 

location with a suggested shallow magma reservoir or zone of vesiculation and a deeper magma 

reservoir. The shallow anomaly at depths of 2.6-3.6 km below the dome of Mt. St. Helens coin
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tides with a zone believed altered by vesiculation and disruption of the ascending magma (Pallis- 

ter et al., 1992; Chadwick et al. 1988). The high 6-value anomaly at >7 km below the dome of Mt. 

St. Helens coincides with the proposed main magma reservoir as derived from the earthquake-free 

zone that is surrounded by hypocenters, the orientation of the stress field at this depth (Moran. 

1994; Scandone and Malone, 1985; Barker and Malone, 1991), and tomographic results (Lees, 

1992). Lees (1992) observed a 7 percent change in velocity at depths of 7-10 km. Using data from 

the period 1988-1993, Moran (1994) showed changes in the orientation of the stress field of up to 

80 degrees that may indicate the re-pressurization of a magma chamber at these depths.

The plumbing system of Mt. S purr/Crater Peak is poorly understood. The cross-section and 

depth slice analysis of the FMD (Figures 5.3 and 5.4) show an area of increased 6-value at a depth 

of 2.3-4.5 km underneath Crater Peak. Based on the similarity between the Mt. St. Helens and Mt. 

Spurr analyses (Figures 5.2 and 5.4), we suggest that vesiculation permanently altered the rock 

surrounding the conduit at a depth of about 3-4 km underneath the active vent Crater Peak. The 

increased 6-values at depths below 10.8 km (Figures 5.3 and 5.4) could be caused by a deeper 

magma reservoir. However, due to the low seismicity rate at this depth, we do not have sufficient 

data to indicate the existence of such a reservoir. The small number of deep (20-40 km) earth

quakes has a high 6-value, and they correspond to the likely depth of a magma chamber based on 

petrologic evidence (Nye et al., 1995). Here material heterogeneity and thermal stresses are the 

most likely causes of the high 6-values because the pressures are too great for vesiculation by 

water exsolution to be important (vesiculation of C 0 2 is a possibility).

The cause for the anomalously high 6-value regions under both volcanoes cannot be resolved 

with certainty at this point. It is possible that all three proposed mechanisms (temperature, stress, 

and heterogeneity) are jointly responsible for the increase in the 6-value. The depth of the 

observed shallow anomalies at both volcanoes coincides approximately with petrological evidence 

for the vesiculation of ascending magma containing 4 wt.% H20  at about 4 km (Eichelberger,

1995). We speculate that this marks the depth at which the vesiculation of the ascending magma 

causes the surrounding rock to fracture, thus increasing the crack density or heterogeneity of the 

material and consequently shifting the fractal distribution of events towards higher 6-values (Main. 

1987). Alternatively, interaction of magma with groundwater may increase pore pressure at this 

depth and lower the effective stress. Open cracks are known to exist at depths of 3 km or so. and

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



80

these would facilitate groundwater movement.

To explain the increase in 6 observed in the vicinity of the main magma chamber at greater 

depth, we suggest that an increase in the material heterogeneity in the rock surrounding the magma 

chamber is caused by thermal cracking and high stresses. This interpretation is consistent with the 

observed decrease in P and S-wave velocity at this depth {Lees. 1992).

The maximum magnitude of events observed in the high 6-value zones translates into a maxi

mum rupture length of about 70 m for Mt. St. Helens (Mmax=1.5) and about 20 m for Crater Peak 

(Mmax=0.6). These values are determined using the scaling relation by Kanamori and Anderson 

(1975). Using the fractal dimension D=2b {Turcotte, 1992), the high 6-value regions (6=1.2-1.8) 

could be described as volumes where the fractal dimension is close to 3. This is consistent with a 

three dimensional volume with cracks oriented in all directions. Alternative explanations would be 

a thermal anomaly associated with shallow magma storage, or a local perturbation of the stress 

field. Either an anomalous temperature or stress regime, however, would represent temporary 

effects that would diminish as the environmental conditions returned to normal. If our interpreta

tion is indeed correct, the permanent trace left behind by vesiculation and thermal cracking should 

be detectable by our method at many andesitic volcanoes.

The resolution of our method depends on the seismicity rate and the magnitude of complete

ness Mcomp. As a measure of the resolution we use the radius of the horizontal cylindrical volumes 

containing 100 earthquakes. For Mt. St. Helens, the average radius was 0.8 km. We believe that the 

two-dimensional cross-section analysis is the superior approach to the one-dimensional depth- 

slice analysis if the number of earthquakes is sufficient to permit a detailed study. Seismicity at 

both volcanoes investigated in this paper is restricted to narrow vertically oriented zones, and the 

analysis of 6 in depth slices (Figures 5.1 and 5.3) and cross-sections (Figures 5.2 and 5.4) reveals 

similar results. In a regional setting where the seismicity is more spread out, cross-sections can 

identify anomalous volumes more accurately. Preliminary results by M. Wyss (pers. commun., 

1996) indicate that high 6-value anomalies can be identified underneath several volcanoes in 

Japan, and that the locations of these anomalies correlate with the inferred locations of magma 

chambers in the crust.
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To address the question of whether the described anomalies could be caused by artifacts in the 

magnitude reporting or the hypocenter accuracy, we investigated the dependency of a number of 

quality descriptors (such as RMS, vertical and horizontal error, number of stations reporting) on 

depth and magnitude. For both catalogs, we found no evidence that could explain the high 6-values 

or the lack of large events in the anomalous regions.

We believe that the high resolution techniques presented in this paper can give important clues 

about the plumbing system of a volcano. The FMD is one of the few methods available for collect

ing information about the material properties at depth, short of drilling. The comparison between 

Mt. St. Helens and Mt. Spurr reveals that both volcanoes show a sharp increase in the 6-value at a 

depth of 2.5-3.5 km below the crater floor, or 1-2 km below sea level. In both regions an increase 

in 6 can be observed at greater depths. These similarities suggest a possible generic behavior of 

andesitic volcanoes. Future work will focus on more case studies and an attempt to analyze the 

FMD as a function of time and space simultaneously. To overcome the ambiguity in the interpreta

tion of 6-value changes, it is necessary to quantitatively compare the 6-value changes with other 

geophysical and penological observations such as attenuation, P and S-wave velocities, stress ten

sor orientations, resistivity, and earthquake swarm locations at a variety of volcanoes.
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5.9 Figures

Mt. St. Helens. 1988-1996
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Figure 5.1. b-value as a function of depth for Mt. St. Helens (left panel) Center panel: Cross-section view, 
north-south trending, of the seismicity at Ml St. Helens from 1988-1996. The cross-section is 0.5 km wide 
and cuts through the center of Ml St. Helens. Right panel: Histogram of the depth of the seismicity at Mt. St. 
Helens. Each bin is 0.5 km in depth.
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Mt. St. Helens, Washington 
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Figure 5.2. Distribution of values in a vertical N-S cross-section through Mt. St. Helens. The contour 
lines are the 95% and 99% significance level based on equation 2, and the black line drawing represents a 
schematic view of the Mt. St. Helens systems by Pallister et al. (1992). For four volumes (labeled A-D), the 
FMD is plotted on the right.
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Figure 3

Crater Peak, 1991-1995
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Figure 5.3. 6-value as a function of depth for Crater Peak, Alaska (left panel). Center panel: Cross-section 
view, NW-SE trending, of the seismicity at Mt. Spurr from 1991-1995. The cross-section is 2 km wide and 
cuts through the center of Crater Peak. Right panel: Histogram of the depth of the seismicity at Crater Peak. 
Each bin is 0.5 km in depth.
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Mt. Spurr, Alaska
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Figure 5.4. Distribution of i-values in a vertical NW-SE cross-section through Crater Peak. The contour 
lines are the 95% and 99% significance level based on equation 2. For four volumes (labeled A-D), the FMD 
is plotted on the right.
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Chapter 6. Mapping the Frequency-Magnitude Distribution 
in Asperities: an Improved Technique to Calculate 
Recurrence Times?

6.1 Abstract

We add further evidence to the observations that the 6-value of the frequency-magnitude rela

tionship of earthquakes is inversely proportional to stress by showing that it decreases with depth 

in the Parkfield segment of the San Andreas and along the Calaveras fault. 6-values above and 

below 5 km depth are approximately 1.2 and 0.8. respectively, based on samples of at least 800 

earthquakes each, in both of these areas. The significance of this difference exceeds the 99% confi

dence limit. At Parkfield the lack of co-seismic displacement in the top crustal layers during the 

1966 main shock, and the accumulation of 30 cm surface, dislocation during the following two 

years, clearly showed that the top several km of the fault are a poorly coupled, low stress environ

ment. This evidence, combined with observations in the laboratory, in underground mines, of the 

dependence of 6 on pore pressure, and comparisons of 6 in different tectonic environments 

strongly suggests that the fractal distribution of earthquakes is perturbed by increased stress in 

favor of more large events.

We find support for the hypothesis that asperities, the locations of high stress concentration, 

may be defined by mapping anomalously low 6-values. Along the San Andreas fault near Parkfield 

the asperity under Middle Mountain, with its 6=0.46, can clearly be distinguished from all other 

parts of the fault surface. Likewise, along the Calaveras fault the northern asperity of the Morgan 

Hill 1984 (M6.2) rupture can be identified by its low 6 of 0.5 as a high stress patch along the fault. 

The southern asperity of the Morgan Hill rupture is located in an aseismic region for which 6-value 

estimates are not possible.

We propose that probabilistic recurrence times, 7r, based on the seismicity parameters a and 6 

of the frequency-magnitude distribution, should be calculated from their values within asperities 

only, instead of from the values of the entire rupture area of the maximum expected earthquake. It

1. Stefan Wiemer and Max Wyss. submitted to Journal of Geophysical Reserach. May 1996.
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is widely acknowledged that major asperities control the time of rupture. These strong patches on 

faults are capable of accumulating larger stresses than the rest of the fault zone, which slips along 

passively when an asperity breaks. Therefore, no information on Tr is contained in the passive 

fault segments, only in the asperities. At Parkfield, the probabilistic estimates of Tr derived from 

the data in the whole rupture and in the asperity only are 70 and 23 years, respectively, compared 

to the historically observed repeat time of 22 years. At Morgan Hill, Tr derived from the seismicity 

parameters in the whole rupture and in the asperity only are 130 and 78 years, respectively, com

pared to the observed repeat time o f 72 years. We conclude that for moderate main shocks with 

one major asperities the asperity method to estimate Tr may fumishe more accurate results than the 

conventional method that uses data from the entire rupture. We propose that this method should 

also be tested for large to great earthquakes, because the same could be true for these events based 

on a reasonable model of the nature of asperities.

6.2 Introduction

The Earth’s crust is heterogeneous at large and small scales. Asperities govern most important aspects of 

earthquake ruptures and have dimensions ranging from less than a kilometer to tens of kilometers. Signif

icant advances in our understanding of the mechanics of ruptures, of the local hazard distribution, and of 

recurrence times could be gained if we could map asperities and define their seismicity characteristics. 

Based on detailed mapping of the frequency-magnitude distribution in the Parkfield and Morgan Hill rup

ture zones, we demonstrate in this paper that 6-values are significantly lower in asperities than in the rest 

of the fault zone. This perturbation of the fractal distribution in favor of larger events can be interpreted as 

indicative of higher than average stress, a property thought to be typical for asperities.

Two widely accepted concepts in seismological research are the asperity model and the frequency-mag

nitude distribution. In this paper, both of these models are used to develop a new model to more accurately 

estimate recurrence times for moderate to large earthquakes. Asperities are defined as strong patches on a 

fault that are locked during the decades of stress-buildup in a fault system, and they release most of the 

energy during the eventual earthquake (e.g. Miyamura et al. 1965; Wvss and Brnne. 1967; Lay and Kan- 

amori, 1981). The surrounding areas are weakly coupled and passively drag along during the earthquake. 

The effective stress normal to the fault surface in asperities is believed to be relatively higher than in the 

surrounding rock. Many studies have been performed to map the location of these asperities and to study 

their characteristics (e.g. Raff and Kanamori. 1982; Aki, 1984; Christensen and Beck, 1995). For some
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fault systems seismologists believe they have a fairly detailed knowledge of the behavior and extent of the 

asperities. The Parkfield region is one example where several lines of evidence shed light on the location, 

as well as the behavior of the asperity (e.g. Lindh and Boore, 1981; Nadeau et al., 1994; Malin et al., 

1994). An extensive review of the Parkfield prediction experiment was presented by Roeloffs and Lang- 

bein (1994).

The frequency-magnitude distribution (Ishimoro and lida, 1939; Gutenberg and Richter, 1944) describes 

the power-law relation between the frequency of occurrence and magnitude of earthquakes:

Iogl0N = a-bM,  (EQ6.1)

where N is the cumulative number of earthquakes having magnitudes larger than M. and a and b are con

stants. Various methods have been suggested to measure b and its confidence limits (e.g., Utsu, 1965. 

1992; Aki, 1965; Bender, 1983; Shi and Bolt, 1983).

It is common practice to calculate the recurrence time, Tr, based on a and b . The assumptions made are:

(1) The fault segment (crustal volume) that will produce the maximum size earthquake, Mmax< can 

be identified.

(2) Over the period Tr the Gutenberg-Richter relationship will be fulfilled with N(Mmax)= 1.

(3) The seismicity rate (a per unit time) and the distribution with magnitude (b) remain constant with

time.

(4) a and b are constant throughout the source volume in question.

This last assumption is made implicitly, but most investigators are not aware of it. In this paper we focus 

on this problem and investigate the consequences if the assumption of constant a and b as a function of 

space is strongly violated.

The Gutenberg-Richter relationship to estimate Tr from a and b clearly does not work for some regions 

and faults. For example, the recurrence time of the San Andreas fault’s segment that ruptured in the 1857 

great earthquake is estimated as 132 years (Sieh, 1984; Sieh et al., 1989) based on paleoseismic evidence. 

Therefore it should produce approximately 700 M3.5 earthquakes per year according to assumptions (1),
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(2) and (3). Instead, only a handful such earthquakes have been observed over the last 50 years on that 

fault segment. Even along more active segments of strike-slip faults. Tr based on the Gutenberg-Richter 

model is overestimated in about 80% of the cases when compared with paleoseismic evidence {Wes- 

musky, 1994; Stirling et al., 1996). For this reason these authors concluded that the characteristic earth

quake model (Schwarz and Coppersmith, 1984; Kagan, 1993) results in a better fit to the data for most 

faults. In this paper we went a step further and questioned the implicit assumption (4). We hypothesize 

that the estimate of Tr for the largest earthquake in a fault segment may be improved by using the a -and

6-values of its major asperity, rather than the values for the whole rupture area.

Figure 6.1 shows a schematic illustration of the frequency-magnitude distributions in cumulative form for 

the three models. The gray line shows the distribution assumed for the standard calculation of Tr: a slope 

of 6= 1 and an intercept at NMmax= l (Gutenberg and Richter, 1944). The dashed line shows the distribu

tion observed for most strike-slip faults, using the whole rupture area (Wesnonsky, 1994; Stirling et al..

1996), with a slope of about b= 1, and intercepting at NMa=l, where M“ is the Magnitude of the largest 

aftershock. The solid line shows the distribution within asperities, with a low value of about 6=0-5 and an 

intercept at NMmax=l. This is the distribution we propose should be used to calculate T r.

There are three reasons for which we think that 6-value studies are of high interest again: (1) In the cata

logs for the last 10 to 20 years we can now define 6 more accurately (many smaller magnitude events are 

listed) and in greater detail as a function of space (greater accuracy of hypocenters and more events per 

unit volume). (2) With a new computer tool that allows mapping of the 6-value in a dense grid as a func

tion of space, we are able to delineate variations in 6 as a function of depth and along fault zones. (3) The 

realization that the frequency-magnitude distribution represents a self-organized critical system (e.g. Bak 

and Tang, 1989; Turcotte, 1992) opened the door for new insights into the physical mechanisms for per

turbations of this system.

Two physical parameters that perturb the standard 6-slope of 1 are stress and heterogeneity. The 6-value 

has been shown to be inversely proportional to stress in the laboratory (Scholz. 1968) and in mines {Ur- 

bancic et al., 1992). The inverse dependence on stress was also demonstrated for earthquakes in Denver, 

where the pore pressure was known to vary (MA'.s-.v, 1973). This means that the mean magnitude, <M>, of 

earthquakes produced in a volume depends on the stress level necessary to rupture the faults present, be

cause <M> is inversely proportional to 6 (Aki. 1965; Utsu, 1965; Hamilton, 1967). Additional evidence
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supporting this observation comes from the low 6-values observed in thrusting environments, compared 

to higher 6 in normal faulting environments (Frohlich and Davis, 1993). Since the constant overburden 

equals the least and greatest principal stresses in the two cases, respectively, it is most likely that the dif

ference in b is due to a difference in ambient stress level.

The 6-value was also found to be proportional to the degree of heterogeneity in rock samples in laboratory 

tests (Mogi. 1962). Using a cellular automata, Steacy etal. (1996) also found that 6 increased with increas

ing range of heterogeneity. In addition these authors showed that the 6-value decreased with increasing 

fractal dimension. We believe their interpretation of this observation was incorrect and offer the following 

alternative. In their experiment presented in their Figure 6.5a (low fractal dimension D=l.6) the largest 

events occurred but seldom, and 6= 1.44 was relatively high. The reason for these two observations is that 

none (or very few) of the elements in the coherent high strength patches broke throughout their experi

ment, until all contiguous elements in one of the major asperities broke together in one of the largest 

events. This means that almost all of the events recorded throughout their experiment occurred in the low- 

strength elements, which once again confirms that low stress levels lead to high 6-values. In their other 

experiment, using a large fractal dimension (D=2.6, their Figure 6.5b), the elements of diverse strength 

were well mixed (no major asperities preferentially impeded rupture in high strength elements), and thus 

the resulting population of events ruptured a mixture of high and low stress elements, leading to a moder

ate (relatively low) 6-value. We believe that our explanation brings the experiment into agreement with 

other known means of perturbation of the 6-value, whereas the interpretation by Steacy etal. (1996) was 

in part at odds with these facts.

The experiments described by Urbancic etal. (1992) and Steacy et al. (1996) are examples of the reason 

why we advocate that detailed mapping of the 6-value as a function of space along fault zones is informa

tive. We believe that fault zones, and the crust, are heterogeneous in strength, and that one must therefore 

evaluate the fractal distribution by 6-value, mapping it on a fine scale to resolve the differences that exist. 

Mixing of fault patches with different properties, as is done in the estimates of Tr, may lead to overesti

mates of Tr, and to misinterpretation of the material properties. Recently, a number of high resolution 

studies of the frequency-magnitude distribution showed that highly heterogeneous distributions of 6-val

ues with significant variations over short distances are abundant in seismogenic regions. Detailed maps of 

the frequency-magnitude distribution in two subduction zones showed significant variations of 6 at scales 

of 10 km (Wiemer and Benoit, 1996). These authors identified a region of anomalously high 6-value at a
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depth o f90-100 km on the upper surface of the Wadati-Benioff Zone, directly underlying the volcanic arc. 

At this depth, slab dehydration may increase pore pressure, thus lowering the effective stress and increas

ing the 6-value. Increased pore pressure would also lower the solidus in the overlying asthenosphere. giv

ing rise to the volcanism that occurs directly above this zone. Similar results have been found by Wyss et 

al. (1996a) using data from Japan. Mapping 6-values at a scale of less than 1 km grid spacing, Wiemer 

and McNutt (1996) found high 6-values in the vicinity of active magma chambers at Mount St. Helens 

(Washington) and Crater Peak (Alaska). Wyss et al. (1996b) found the same for the Off-Izu vocanic area 

in Japan. Our technique of mapping 6-values thus may offer a tool to locate seismicaUy active magma 

chambers.

By mapping the distribution of 6- and n-values along a fault system (using cross-sections) the 6-value can 

be shown to vary significantly. Areas with the lowest 6-values coincide with the location of the asperities. 

We argue that high stress is the most likely cause for the low 6-value in asperities, and that the frequency- 

magnitude distribution may be used as a stress-barometer that can identify the location of patches on the 

fault under high stress. If high resolution imaging of the frequency-magnitude distribution can potentially 

identify asperities it may contribute to identifying possible nucleation points of future earthquakes. In 

some cases termination of ruptures may correlate with fault segments of high 6-values, i.e. low stress seg

ments. Thus, it may be possible that 6-value “tomography” may contribute to defining rupture areas of 

future earthquakes.

If rupture volumes show strong contrasts of 6-values in asperities compared to the rest of the volume, the 

question arises: Which 6-value should be used for estimating Tr? We propose that for many cases the 6- 

values of the asperities lead to more accurate estimates of Tr than the 6-value of the total rupture area (Fig

ure 6.1).

6.3 Data

In this paper we focus on two fault segments in California: The Parkfield segment of the San Andreas fault 

and the Morgan Hill segment of the Calaveras fault (Figure 6.2). Both of these areas are favorable targets 

for a high resolution study of the frequency magnitude distribution for a number of reasons: (1) The seis

micity rate is high. (2) The tectonic environment is relatively simple, in that the faults are approximately 

vertical planes. (3) Seismic monitoring is excellent The hypocenter accuracy is believed to be better than 

1 km, and the catalogs are complete for the most part down to magnitude 1.0. Also, continuity of recording
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with time exists over the past 15-20 years. (4) Both segments experienced similar size main shocks. The 

1966 M=6.0 Parkfield and the 1984 M=6.2 Morgan Hill event allowed the location of asperities along 

these fault segments to be identified.

The data were obtained from the Northern California Earthquake Data Center. For the San Andreas fault, 

earthquakes from the period January 1971- January 1996 with a magnitude £ 1.0, and within a 4 km wide 

zone centered on the fault were selected; a total o f6467 events (Figure 6.2). For the Morgan Hill section 

of the Calaveras fault, a 4 km wide zone centered on the fault was selected. The data were divided into 

two sub-sets before and after the 1984 M=6.2 Morgan Hill main shock; (1) the period 1971 - 1984. con

taining a total of 1711 events with M ̂  13, and (2) the period 1986 -1996, containing a total of3480 events 

w ithM ^ 1.0.

Before we begin 6-value studies we investigate the possibility that magnitude stretches (inadvertent 

changes of the magnitude scale used) may exist in a catalog. We also determine the magnitude of complete 

reporting. Me, as a function of time and location before estimating 6-values, by using the cumulative as 

well as the non-cumulative frequency-magnitude distribution. Problems of heterogeneous reporting in 

catalogs are abundant (e.g. Habermann, 1982; 1986,1987; HA’.v.v. 1991; Zuniga and Wra, 1995). In the 

Parkfield data-set a magnitude stretch was introduced in 1986. We decided to not correct for this change 

of scale, but to study two subsets in time, before and after 1986.5, in order to estimate the impact of this 

artificial change in the magnitude reporting.

6.4 Method

We estimate 6-values in two ways, because different methods have different advantages. We use both the 

maximum likelihood method and a weighted least squares fit (Ursu. 1965; Aki. 1965; Hamilton, 1967; 

Page, 1968; Bender, 1983; Shi and Bolt, 1983). By comparing the results obtained using the two methods, 

we can ensure that our results are independent of the technique used to estimate 6. Before claiming any 

significant differences between 6-values in sub-volumes we inspect the magnitude frequency plots visu

ally to make sure that the data are defining the 6-value well, and that the computed fit is acceptable based 

on common sense inspection.

A moving spatial window technique is used to analyze the 6-value as a function of depth A window with 

a constant number of earthquakes (200) is applied, rather than using constant depth intervals in order to 

avoid fluctuations in the calculated 6-values due to changes in the number of events. The window is
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moved to increasing depth by increments of 10% of the window length (20 earthquakes). The same tech

nique has been used by Wiemer and Benoit (1996) to study the variation of the frequency-magnitude dis

tribution with depth in subduction zones.

An estimate of the error, 6b, of the 6-value can be obtained using the equation first derived by Aki (1965). 

or the improved formulation by Shi and Bolt (1982)

were <M> is the mean magnitude, and n the sample size. We also estimate the error in 6 and a  as a function 

of sample size based on a Monte Carlo type technique that uses the actual data. A random sample of N 

events is drawn from the pool of all magnitudes in the catalog, and the 6- and a-values are estimated for 

this sample. This process is repeated 300 times. We can thus find the range of 6-value as a function of 

sample size N  (Figure 63). Our results agree with a similar study by Bender (1983) based on synthetic 

data-sets. The confidence limits for the Parkfield region for N=100 are about 6b = +/- 0.15 and 6a = +/- 

0.16, for N  = 250 we find 6b = +/- 0.08, and 6a = +/- 0.11. The maximum likelihood method results in a 

more constant mean and a more symmetric distribution of the 6 -values around the mean than the weighted 

least squares approach. We found that using our technique, lower-quality data-sets such as the early re

cording period (1971-1980) for the Calaveras fault, show larger confidence limits of a and 6.

The probability that two frequency-magnitude distributions come from the same population is estimated 

using a test proposed by Utsu (1992). If 6/ and 62 are the slopes of two frequency magnitude distributions, 

and iii and n2 are the total numbers of events larger Mcomp, then the probability P that the two distributions 

come from the same population can be written as:

and « = /?/+ n2. A value of P = 0.05 indicates that we can reject the hypothesis that the two 6-values are 

equal at the 95% confidence limit. In order to establish a significant difference we will require that two 6-
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values are different at the 99% confidence limit (P = 0.01).

To visualize the 6-value distribution as a function of space in detail, the earthquakes are projected onto 

vertical cross-sections perpendicular to and along the strike of the fault. The seismicity is sampled in over

lapping cylindrical volumes of constant radius R (for example 3 km), with centers positioned at the nodes 

of a grid with a 1 km spacing. The 6-value is then estimated for each volume and each node is assigned a 

color proportional to 6. Red indicates low 6-values, blue high 6-values (e.g. Figure 6.7), and the images 

obtained are smoothed using a spline interpolation. During the analysis, anomalies are interactively con

firmed by inspecting the magnitude-frequency distributions and the fit to the distribution. In previous stud

ies of 6-values, we have sampled a constant number of events around each grid-node rather than a constant 

radius, to avoid fluctuations in the estimation of 6 due to varying sample size (e.g. Wiemer and Benoit. 

1996).

We judge the activity of a volume by the parameter a in equation 1. Using a constant number of earth

quakes results in an a that is a function of 6 and the information about the activity resides in the radius of 

each volume sampled. This approach cannot be used here because we need a explicitly to estimate Tr. For 

volumes of constant radius containing fewer than 50 earthquakes no 6-value value is estimated. The soft

ware used is part of a larger software package to investigate seismicity rate changes that we developed 

recently. This software package, ZMAP, is available via anonymous ftp (Wiemer and Zuniga, 1994).

The recurrence time for an earthquake with magnitude equal or greater than M can be calculated from the 

6 and a-value obtained at each grid-node as:

_  AT
r a -bM ) (EQ 6.4)

where AT is the recording period covered by the seismicity catalog. The error in Tr can be estimated from 

the confidence limits of a and 6 (Figure 63). An equivalent way of presenting the recurrence times would 

be as the Poisson probability of an earthquake occurring per year, the inverse of Tr.

The radius of a 6-value anomaly that may be an asperity has to be defined for estimating Tr. This is done 

in the following way. We determine Tr for the events within a cylinder, centered at the previously mapped 

anomaly, and let the radius increase by increments of 0.2 km, generating Tr estimates as a function of ra
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dius. For small radii Tr will be large, regardless of b, because a is small (equation (4)). As long as the ra

dius is increased within the asperity, i.e. within a volume of constant 6, Tr decreases because a increases. 

Once the radius extends beyond the limits of the asperity, disproportionate numbers of small earthquakes 

are added to the sample and b decreases. At this point the estimate for Tr begins to increase. Consequently, 

we define the extent of the asperity by the radius for which the estimate for Tr becomes a minimum

6.5 Results - Parkfield

A systematic decrease of the 6-values as a function of depth is obvious in Figure 6.4a. 6-values are esti

mated from the frequency-magnitude distribution using a moving window, starting with the 200 shallow

est earthquakes with a magnitude M £1.8. The window is successively moved deeper by 25 earthquakes, 

thus ensuring that the total number of events in each sample remains constant. For the shallow pan of the 

Parkfield segment of the San Andreas fault a 6-value of around 1.2 is observed (Figure 6.4a). A peak value 

of b=l 28  exists at a depth of 4 km, below which 6 systematically decreases with depth. The minimum 

6-value is reached at a depth of 11 km (6= 0.76). The results from both methods estimating 6 (maximum 

likelihood and weighted least squares) are almost identical Also shown in Figure 6.4a is the histogram of 

the number of events with depth. The maximum number of evems occurs at a depth of about 5.5 km. No 

correlation between the rate of activity and the 6-value is detected. To confirm the significance of the vari

ation of 6 with depth, the same moving window technique is applied to a randomized catalog. We used 

the same data set but randomly assigned a depth, drawn from the pool of depths, to each event This re

sults, as expected, in a constant distribution of 6 with depth with a mean of 6= 0.85 +/- 0.08.

The frequency-magnitude distributions for events in the depth range 0-5 km yield a 6-value of 1.26 (Fig

ure 6.4), whereas the subsets covering the depths below 7 km show a 6-value of 0.88. The difference in 6 

is significant at the 99.9% confidence limit using Utsu's test (equation 3) and clearly does not result from 

computational inadequacies. The 6-value calculations are based on earthquakes ranging in magnitude 

from 1.8 to larger than 4, spanning about 2.5 magnitude units, and they are defined by more than 800 

events in each data set The same results are obtained when using a different Mc.

A vertical cross-section of the distribution of 6-values along the strike of the fault (Figures 6.5 and 6.6) 

and across the fault (Figure 6.7) allows a detailed analysis of the distribution of 6-values. The cross-sec

tion along the strike of the fault is 4 km wide and about 100 km long (Figure 6.5a). We use a grid with a 

spacing of 1 km, and calculate the a and 6-value for the earthquakes within a 3 km radius from each node.
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The color representation of the distribution of 6-values along the strike of the San Andreas fault (Figure 

6.5b) shows low 6-values in red and high 6-values in blue. The 6-values vary significantly and systemat

ically with location. Higher 6-values can generally be found close to the surface and vice versa, confirm

ing the one-dimensional 6-value analysis as a function of depth (Figure 6.4a). The lowest 6-value of the 

entire 100 km long segment is located underneath the Middle Mountain segment of the fault. Two mod

erate earthquakes (M=4.6,14/11/93; M=4.7,20/12/94) believed to have occurred within the Parkfield as

perity are marked by stars in Figure 6.5. Their locations coincide with the patch of anomalously low 6- 

values at a depth of about 10 km. 6-values are generally lower to the south-east of the Middle Mountain 

segment, and higher to the north-west To confirm the results of the cross-section analysis, the frequency- 

magnitude distribution at a number of nodes were inspected. Two frequency-magnitude distributions, rep

resenting extreme populations are shown in Figure 6.8. Although the two volumes are within 10 km of 

each other, the two populations yield 6-values almost a factor of three different (0.46 versus 1.3). In the 

shallow volume, no earthquake with a magnitude larger than 2.0 is recorded, whereas the deep volume 

contains events up to M=4.7.

Recurrence times for a magnitude M = 6 earthquake based on the 6- and fl-values at each node are calcu

lated using equation 4 and a sampling radius of 3 km. A cross-section of the distribution of recurrence 

times along the strike of the San Andreas fault is shown in Figure 6.5d. The recurrence times range from 

22 years to over 10000 years. The image in Figure 6 J  focuses on the shortest recurrence time values from 

20 to 250 years. The most outstanding anomaly, with the shortest recurrence time of 22 years, coincides 

with the location of the low 6-value anomaly and thus the location of the Parkfield asperity. The second 

lowest recurrence time (Tr=60 years) is recorded approximately 18 km to the south-east at the same depth 

of around 10 km.

The fl-values (and therefore the recurrence time Tr) at each node depend on the number of earthquakes 

sampled. Therefore, we must hold the sampling radius constant for estimating Tr. Of all the sampling radii 

we could choose to produce Figure 6.5d, we are most interested in R(Tr=min), the one that leads to the 

shortest Tr in the asperity, based on the reasoning we outlined in the methods section. The recurrence time 

reaches a minimum of 22 years for the asperity volume at a sampling radius of 3 km (Figure 6.9). Thus, 

we find that the Parkfield asperity has a diameter of 6 km, and we computed Figure 6.5d using Pp-, 

km for all nodes. Nodes for which this radius selected fewer then 50 events were not colored.
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la Figure 6.7a the 6-values are presented in a vertical cross-section perpendicular to the strike of the San 

Andreas fault and through the Middle Mountain segment (defined in Figure 6.2a). The cross-section is 20 

km wide. A significant variation of b with depth can be observed, ranging from b = 1.1 at shallow depth 

to b = 05  at a depth of 10 km. A rapid transition from high to low 6-values occurs at a depth of about 5 

km  The locations of the two M > 4.5 earthquakes coincide with the region of the lowest 6-value. The re

currence time map (Figure 6.7 center) highlights this region even more. The minimum recurrence time of 

T r=50 years at a depth of 10 km coincides with the Parkfield asperity.

The data for Parkfield were studied separately for the pre- and post-1986.5 periods (Figure 6.6) because a 

magnitude stretch took place at that time. In this way we avoid mixing of scales and we will have an esti

mate of changes as a function of time and of changes possibly introduced by new reporting standards.

6.6 Results - Morgan Hill

The epicenters of the earthquakes selected for the study of the Calaveras fault are shown in 

Figure 6.2b. Using the data for the period 1986-1996, we find that the 6-values decrease systemat

ically as a function of depth (Figure 6.4b). In each sample 200 events with Mkl.O are used and the 

selection window is stepped by 20 events. At shallow depths we find b>l. At about 4 km depth a 

strong decrease can be noticed, and a minimum at 6=0.6 is reached below 9 km depth. The data 

above and below 5 km depth define 6-values of 1.13 and 0.75, respectively (Figure 6.4). The num

bers of data points are approximately 1000 and 2000 for the two sets compared, and the difference 

is judged significant above the 99.9% confidence level using Utsu's (1992) test. The pattern of 

decreasing 6-values as a function of depth is very similar at Parkfield and Morgan Hill (Figure 

6.4).

The 6-values along the Calaveras fault are mapped in cross sections 3 km wide, using a 1 km grid spacing, 

for two periods (Figures 6.10 and 6.11); before the Morgan Hill main shock (1971-1984.3) and after its 

aftershock sequence had decayed (1986-1996). The aftershock sequence is excluded because we wish to 

establish the patterns of a and 6 from data during intervals without a main shock, to estimate Tr in the cus

tomary fashion. In addition, separate analyses of data from two periods allows a preliminary assessment 

of the stability of 6-value patterns as a function of time. We see that the 6-value patterns are similar in the 

two periods, showing a close association of a patch of lowest 6-values with the aftershock area of 1984
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(Figures 6.10 and 6.11). The frequency-magnitude distribution within the Morgan Hill asperity (6=0.53) 

is compared to that in the shallow fault segment above it (6= 1.4) in Figure 6.8. The strong difference be

tween the two earthquake samples is evident and judged significant above the 99% confidence level using 

Utsu's(1992) test.

Figures 6.10 and 6.11 show the recurrence time calculated from the a- and 6-values at each node for a 

magnitude 6 earthquake. The minimum recurrence time, using a sampling radius of 3 km, is 78 years and 

coincides in location with the rupture area of the 1984 Morgan Hill earthquake. The sampling radius that 

yields the shortest recurrence time, Rmin=3 km, is estimated by calculating Tr as a function of R for the 

Morgan Hill asperity.

6.7 Discussion and Conclusions

6.7.1. Decrease o f b-values with Depth and Inverse Dependence on Stress 

The decrease of 6-values as a function of depth is established by high quality data sets for both the Park

field segment of the San Andreas and the Calaveras fault (Figure 6.4). More than 800 events over two to 

three orders of magnitude define 6 for data sets above and below 5 km depth as about 1.2 and 0.8, respec

tively (Figure 6.4). This observation agrees with the result by Mori and Abercrombie (1996), who found 

this pattern along several faults in California, and with that of W m (1973), who showed it for the after

shocks of the Borrego M l earthquake of 1968. The observation of decreasing 6 with depth at Parkfield is 

particularly important because it confirms the interpretation by W m (1973) that it is due to increasing 

stress with depth. The evidence that the top two to four kilometers at Parkfield are weakly coupled and 

support much lower stresses than the fault below 5 km depth is the following. (1) Most of the fault segment 

studied shows fault creep along the surface (e.g. Schulz et al., 1982). (2) The 1966 main shock was not 

associated with any appreciable co-seismic surface faulting. Instead the co-seismic dislocation propagated 

as creep from a depth below 4 km to the surface, generating a clear fault break and accumulating about 30 

cm of right lateral slip during the two years following the main shock (Smith et al., 1968; Scholz et al., 

1968). Thus, the contrast of high and low 6-values above and below 5 km at Parkfield is possibly the stron

gest piece of evidence establishing the inverse dependence of 6 on stress for crustal earthquakes.

A second, qualitative indication of poor coupling, hence low stress, at shallow depth comes from the near 

absence of hypocenters in the top two kilometers in both test cases (Figure 6.4). At Parkfield the low level 

of activity extends to four kilometers depth, the depth above which no co-seismic displacement occurred
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in 1966 (Schoh et al., 1968).

We believe that the stress dependence of 6 can now be accepted as an established fact based on the fol

lowing observations. (1)6 decreases with increased ambient stress in the laboratory (Scholz. 1966). (2) 6 

was proportional to pore pressure in the Denver earthquakes (Wyss. 1973). (3) b correlates inversely with 

high stress volumes in mine excavations (Urbancic et al.. 1992). (4) b is lower in tectonic regimes of thrust 

faulting than in normal faulting (Frohlich and Davis. 1993). (5) b correlates inversely with coupling, 

hence with stress, as a function of depth at Parkfield (Figures 6.4 and 6.7).

6.7.2. Mapping Asperities in Fault Zones by b-values

We propose that asperities along fault zones may be mapped by anomalously low 6-values, based on the 

inverse correlation of 6 with stress. We test this hypothesis for two segments of the San Andreas fault 

where locations of asperities are known. At Parkfield the volume with about 5 km radius around the rup

ture initiation point of the fore- and main shock of 1966 below Middle Mountain, has been designated as 

alert box (Roelojfs and Langbein, 1994) because it is considered to be the key asperity along this fault seg

ment for a number of reasons (e.g. Lindh et al., 1981; Nadeau et al.. 1994; Malin et al., 1994). In this case 

the asperity does not coincide with the area of greatest slip during the earthquake (Segall and Harris, 

1987), which was located further south in 1966. The Parkfield asperity seems to act as a locked segment 

that casts a creep-shadow along the fault south of it. The segment north of it shows high creep rates, south 

of it the creep rate decreases to zero at approximately the southern rupture end of 1966. Once the Middle 

Mountain asperity breaks, the rupture segment south of it slips along, catching up with the integral slip 

released by creep during the interseimic interval north of the asperity. Therefore, we accept the definition 

of the Parkfield asperity as the alert box under Middle Mountain, and not as the location of largest slip.

In the 6-value cross-sections of the Parkfield segment of the San Andreas fault (Figures 6.5 and 6.7) the 

location of the Parkfield asperity is marked by the large crosses, the hypocenters of the largest two earth

quakes (M>4.5) that have occurred since 1975. The lowest 6-value of 0.43 coincides exactly with the 

Parkfield asperity and contrasts strongly with 6 in the rest of the rupture area (Figure 6.5b). This supports 

our hypothesis that asperities may be mapped as locations of high stress concentrations by exceptionally 

low 6-values. The frequency-magnitude relations for the asperity volume (B) and the volume above it (A) 

are shown in Figure 6.8. The difference in b of 0.43 and 1.5 is outstandingly clear.

The second major patch of anomalously low 6-values in the San Andreas cross-section studied is located
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near the southern end of the 1966 Parkfield rupture. The entire rupture area is characterized by lower 6- 

values than surrounding areas. The very southern segment of the fault that we were able to image shows 

again increased 6-values, which may indicate the existence of a barrier in 1966, terminating the rupture 

of the main shock at that time. The aseismic. locked part of the San Andreas south of approximately 

35.3°N latitude cannot be studied by our method because not enough earthquakes occur.

From the cross-section view of the San Andreas fault at Parkfield and north of it, it becomes clear that ar

eas of the fault separated by only a few kilometers can show a distinctly different frequency-magnitude 

distribution (Figure 6.5 b), an indication of the heterogeneity of the crust. Each frequency-magnitude dis

tribution follows the Gutenberg-Richter power law closely. The variability in b is a factor 3 greater than 

expected when assuming a random distribution of magnitudes (Figure 6.3). The spatial correlation of the 

location of the Parkfield asperity and the area of lowest 6-value suggests that this variability in the fre

quency-magnitude distribution is not purely random, but systematic and the result of a physical process.

The entire segment investigated covers an area of 100 km x 15 km, or 1500 km2. The Parkfield asperity

covers an area of approximately 3 km in radius, 28 km2, or 2% of the total area. This value estimates the 

chance correlation of the asperity and the lowest 6-value patch.

We investigated the 6-value distribution separately for the periods 1971-1986.5 and 1986J - 1996 and 

found that the distribution along the strike of the fault remains basically the same (Figures 6.5 and 6.6). 

Thus the low 6-value observed in the Parkfield asperity is not a result of the recent moderate main shocks 

or due to stretches in the magnitude scale, but a feature that can be identified throughout the recording his

tory of the catalog.

For the Morgan Hill segment of the Calaveras fault there is no special asperity defined, so we accept the 

two areas of largest slip during the 1984 main shock as the asperities. The northern one of these, extends 

from the hypocenter to about 5 km to the south, the other was centered about 15 km south of the hypo

center (Hartzell and Heaton, 1986; Bakun et al.. 1986; Mikunio and Miyatake, 1995). The second of these 

two asperities is located in an aseismic patch of the fault (Figures 6.10 and 6.11). for which we have no 

information because we cannot measure the 6-value. The northern asperity, however, correlates exactly 

with the strongest anomaly of low 6-values on the segment of the Calaveras fault investigated (Figures 6. 

10 and 6.11). The contrast between the frequency-magnitude relationship of the northern Morgan Hill as

perity (6=0.5) and that of the shallow seismicity above it (6= 1.2. Figure 6.8) is as striking and significant
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as the contrast at Parkfield.

To test whether a systematic error in the hypocenter quality or magnitude estimation could be the reason 

for the observed changes of 6 with depth and along the strike, we investigated a number of quality descrip

tors that are given in the catalog. We found for the Parkfield data set a mean vertical error in the hypo- 

centers of 0.86 km, a mean horizontal error of 0.43 km, a mean RMS travel time residual o f0.076, and an 

average of 19 P- and S-phases reported for each event. We investigated the dependency of these quality 

descriptors on depth and magnitude and found no correlation that possibly could explain the observed de

crease of b with depth. We also selected a sub-set of 2657 events that contained only high quality hypo- 

centers (vertical error <= 1.5 km, horizontal error < I km, RMS < 0.15, and number of P- and S-phases > 

10). Using this high quality data-set we found the same dependency of b with depth, and identified the 

same anomalies in cross-section view. The minimum recurrence times calculated were the same as those 

estimated from the entire data set.

We conclude that out of two asperities investigated (Parkfield and northern Morgan Hill) both support the 

hypothesis that asperities in fault zones may be mapped by anomalously low 6-values if they are seismi- 

cally active enough to allow 6-value estimates.

6.7.3. Stability ofb-value Anomalies as a Function o f Time

In a preliminary investigation of the stability of 6-value anomalies as a function of time we examined the 

6-value cross sections of the Parkfield and the Calaveras fault segments in two periods. The overall im

pression is that in both cases there is little change as a function of time. In Parkfield the two cross sections 

looked very similar, in spite of the magnitude stretch in 1986.5. One exception may be a volume near the 

southern end that shows lower 6-values in the second period. In the Calaveras case one can notice some 

differences. The period after the 1984 main shock shows somewhat lower 6-values, especially north of 

the main shock, where three historic M5 class earthquakes have been located (1943,1955,1988; Oppen- 

heimer et al.. 1990). It may be that the effective stress along this segment of the fault was increased by the 

1984 Morgan Hill main shock, either through decrease of pore pressure or redistribution of shear stress. 

We conclude that temporal changes of 6-value patterns may exist, but are weaker than spatial differences. 

We postpone detailed investigations of 6 as a function of time for a future study.

6.7.4. Recurrence Times o f Moderate Earthquakes Calculated From Asperities

The concept that asperities control the time of rupture in earthquakes is generally accepted. As a corollary
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of this concept we propose that any information on recurrence time must reside in the asperity. The fault 

area outside the asperity, that slips along relatively passively when the asperity breaks, cannot contain any 

information on the recurrence time of the main shock that results when the asperity breaks. During the in

ter-event period the passive part of the rupture area simply waits for the next event to emanate from the 

asperity. We accept the forestated assumptions (1) through (3) necessary for calculating recurrence time 

from equation (4) as valid, and we compare the result with the historically observed Tr with and without 

assumption (4). Computing Tr from equation (4) using a and b from the entire rupture segment of the 

Parkfield and Morgan Hill rupture areas we obtain 72 and 122 years, respectively (Table 1). Using a and 

b from the asperities only, we estimate the respective recurrence times as 23 and 78 years. The historically 

observed Tr for Parkfield is 22 years (Bakun and McEvilly, 1984), and that for Morgan Hill is 73 years 

(Oppenheinier et al.. 1990).

These comparisons of Tr calculated by our method with historically observed recurrence times (Table 1) 

suggest that our hypothesis is correct: For moderate main shocks of the M6 class the probabilistic recur

rence estimate based on equation (4) yields more accurate results if the seismicity parameters from the as

perity only are used. If we calculate Tr based on the seismicity outside the asperities we obtain large values 

between several hundred years and 10,000 years (Figures 6.5d, 10 and 6.11).

Table 6.1: Recurrence Time Estimates for Parkfield and Morgan Hill

Method Par killed Morgan Hill 71-84

a
(km2)

b Tr
(years)

a
(km2)

b Tr
(years)

aH 3.6 0.71 72 3.9 0.82 122

outside 3.2 0.95 >1000 ~4 >1 >1000

asperity 2.5 0.43 23 2.4 0.55 78

historic — — 22 — — 73

The results given in Table 1 for the Morgan Hill case were calculated from the pre-main shock period, 

assuming that this is a period with seismicity characteristics representative for the inter-event period. The 

estimate of Tr from the post 1985 seismicity parameters in the asperity would be a factor of two shorter

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



106

because the seismicity rate (a-value) is still elevated compared to the pre-main shock level. To base the 

estimate of Tr on the post-main shock data would thus not be correct

6.7 J .  Recurrence Times Calculated front Total Rupture Areas

Since our results suggest that the asperities govern the recurrence time of moderate to large earthquakes 

we believe that Tr estimated from entire rupture areas may be overestimated if major asperities are em

bedded in passive parts of the fault area. Stirling et al. (1996) found that along 80% of the strike-slip faults 

they investigated the standard calculation of Tr overestimates the historically observed values substantial

ly. We propose that these errors are due to the mixing of seismicity parameters a and b from passive and 

asperity parts of the rupture areas. If our hypothesis is correct the fault segments investigated by these au

thors contain a mixture of passive and asperity parts, and we propose that by using the seismicity param

eters of the asperities instead of the mixed overall averages, more accurate estimates of Tr may be 

obtained.

In general we expect that recurrence times calculated from total fault seismicity parameters cannot be ac

curate, unless the seismicity parameters are uniform over the fault area. This condition could exist in some 

cases (e.g. 20% of the faults investigated by Stirling et al., 1996), but it is not likely to be the general case 

because the crust is heterogeneous and most fault surfaces contain asperities.

6.7.6. Probabilistic Recurrence Estimates fo r  Great Earthquakes 

We expect that correct estimates of Tr may be possible, based on our method, for the main shocks studied 

by Wesnousky (1994) and Stirling et al. (1996) because these events are in the moderate to large magni

tude range. However, for most ruptures in the large to great range one may argue that no probabilistic 

method using equation (4) can furnish reliable estimates of Tr, since these ruptures are usually composed 

of several major asperities. However, it may be that the ratio of asperity surface to entire fault surface in 

great ruptures is the same as that observed at Parkfield, approximately five. Also, great ruptures are most 

likely to occur along fault segments with several major asperities in a row that have similar individual re

currence times. If this is so, and if they have once been synchronized by a single large rupture, then they 

may rupture together repeatedly. Based on this idea, we speculate that Tr estimated for several major as

perities of one great rupture should all equal approximately the historically observed recurrence time of 

that rupture. To stipulate that several asperities in a row may have the same Tr is not as far fetched as it 

seems because they all share a common fault surface (plate boundary) and a common strain accumulation
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rate. By virtue of all of them being asperities, they may also have similar resistance to faulting, and thus 

their recurrence times may be similar. Therefore, we propose to test the hypothesis that major asperities 

in large to great earthquakes may all furnish estimates of Tr approximately equal to the historically ob

served recurrence times. If this should be shown to be correct then we may have a means of estimating 

how large a segment of a fault (plate boundary) may rupture in a great earthquake by mapping asperities 

based on their low 6-values (the method developed in this paper), and calculating their individual Tr. 

Groups of asperities with similar Tr could then be considered candidates for simultaneous rupture, if there 

is evidence that their seismic cycle was synchronized. Asperities with appreciably different Tr are less 

likely to participate in the same overall rupture, so ruptures should terminate between asperities with dis

similar T r , as well as in extended areas of high 6-values suggesting low ambient stress.

6.7.7. Identifying Potential Locations o f Rupture Termination

An earthquake rupture that propagates from asperity to asperity may stop in a low-stress fault patch be

tween asperities. We interpret the 6-value cross section of the Calaveras fault (Figure 6.10b) as demon

strating this phenomenon. Once the rupture initiated at the hypocenter, it propagated to the south with 

increasing slip (e.g. Hartzell and Heaton, 1986) into the fault patch of lowest 6-values (red in Figure 

6.10b). The rupture did not propagate northward from the hypocenter because the stress on the fault was 

low in this segment as reflected by normal 6-values (blue in Figure 6.10b). The rupture continued to the 

southern asperity of the Morgan Hill main shock (Hartzell and Heaton. 1986), located in the fault segment 

where we cannot map 6 because there are practically no earthquakes. South of this zone the rupture 

stopped in a fault segment that is colored dark blue (from kilometer mark 40 to 50 approximately in Figure 

6.10b), indicating high 6-values. We suggest that this fault segment has low stresses and therefore the rup

ture of the 1979 Coyote Lake (M5.9) could not propagate north past this patch to connect to the southern 

Morgan Hill asperity, and the Morgan Hill rupture, propagating south, terminated in this low stress patch 

also.

For the Parkfield case we also propose that the low stresses suggested by high 6-values north of the hy

pocenter (blue in Figure 6.5b) prevented the rupture from propagating north. The generally popular expla

nation that the 1966 Parkfield rupture stopped near Highway 46 because the fault south of this point is 

locked seems reasonable to us, but we cannot test it for want of earthquakes. If we had data in this location 

we would expea to see anomalously low 6-values and a recurrence time substantially longer than that of 

the Parkfield asperity, possibly the 132 years typical for the 1857 break of the Carizo Plains fault segment.
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One of the limitations of our method is that completely locked asperities, where no earthquakes occur, 

cannot be mapped. However, the absence of earthquakes does not necessarily indicate high stresses. Con

tinuous fault creep could occur in these locations reducing the stress so substantially that no earthquakes 

occur.

If we are able to establish with more certainty that earthquakes rupture mainly in low 6-value regions and 

that ruptures preferably stop in regions with a high 6-value and between asperities with different 7r, we 

may be able to develop a technique to estimate the extent of future rupture areas. For this study we calcu

lated recurrence times for events with M6, the size observed from the historic record because we do not 

know yet how to independently relate the size of 6-value anomalies (asperities) to the size of the future 

main shock. We realize that this paper contains several new ideas, some of which are not tested yet and 

others for which only few examples lend support so far. Also, the results from mapping in detail the seis

micity parameters a and 6 along fault zones open new questions. It seems to us that many of these ques

tions may be answered by the type of detailed studies we conducted in this paper, and that the perturbation 

of the fractal distribution of earthquakes holds a great deal of information important for estimating earth

quake hazard and for understanding tectonic processes leading to earthquake ruptures.
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Figure 6.1. Schematic representation of the frequency-magnitude distribution models. To explain the under
estimation of the rate of large events Mmax predicted by the Gutenberg-Richter relationship (gray line), the 
characteristic earthquake model (dashed line) assumes that a power law relationship exists only for events up 
to a magnitude Ma. the magnitude of the largest aftershock of the characteristic earthquake (Mmax). Based 
on our observations that asperities have anomalously low fr-values (b~0.5), we propose that Tr of Mmax can 
be estimated more reliably from the frequency-magnitude relationship in asperities (solid line).
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Figure 6.2. Epicenter map of the selected earthquakes along the Parkfield (left) and Morgan Hill (right) fault 
segments from 1980 to 1996. The location o f Middle Mountain is marked. The polygons indicate the cross
sections used in Figures 6.4,6.5, 6.6.6.10. and 6.11.
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Figure 6 J .  Range of 6-values as a function of sample size N for synthetic catalogs. A sample of N magni
tudes was drawn at random from the actual data-sets (left: Parkfield. right: Morgan Hill). By repeating this 
300 times for each N a range of the 6-values can be determined. Plotted are the 1. 50. and 99 percentiles 
using the maximum likelihood method (solid line) and the weighted least squares method (dotted line).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



116

Figure 6.4.6-values as a function of depth for the Parkfield segment of the San Andreas fault (left frame, 
A). Each 6-value was calculated for a depth slice containing 250 earthquakes. Vertical bars are the errors in 
b, horizontal bars indicate the depth range sampled. Bottom frame: Histogram of the number of events in 0.5 
km depth bins. Right frame: Frequency magnitude distribution for two depth ranges: 0 - 5 km and 7 -15 km.
(b) same as (a) for the Calaveras fault.
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Figure 6.5. Cross-section view along strike of the San Andreas fault containing the Parkfield asperity, using 
data from the period 1980-1996. (a) Vertical cross-section showing the locations o f hypocenters. The two 
largest earthquakes (M>4,5) that occurred within the Parkfield asperity are marked by ‘x’. The two circles 
define the volumes for which the frequency magnitude distributions are shown in Figure 6.6. (b) Distribu
tion o f ^-values along strike o f the fault. Red colors indicate low ^-values, blue high 6 -values. The color 
bar encompasses only the range from 0.4-1.0, larger b -values are shown in the same color as used for b= 1.0.
(c) Distribution of a-values (d) Recurrence time Tr for a M6 earthquake, calculated from the a and ^-values 
at each node. The color bar encompasses only the range from 20 to 250 years, larger recurrence times are 
shown in the same color as used for 250 years.
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Figure 6.6. 6-value distribution along strike o f the Parkfield segment o f  the San Andreas fault for two peri
ods: 1971-1986.5 with Mmin = 1.5 (top), and 1986,5-1996 with Mmin = 1.0 (bottom). For the early period, 
the location o f the 1975 M5.1 earthquake north of Middle Mountain is marked.
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Figure 6.7. Cross-section perpendicular to the San Andreas fault. Right: Hypocenters. Middle: Distribu
tion o f 6-values . Left: Recurrence times for an M6 earthquake, calculated from the a - and 6-values at each 
node.
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Figure 6.8. Frequency magnitude distribution for two volumes at Parkfield and Morgan Hill, each contain
ing 100 earthquakes. The locations of the volumes from Parkfield (left) are indicated in Figure 6.5a and were 
chosen to represent populations with high and low 6-values. The locations of the volumes from Morgan Hill 
(right) are indicated in Figure 6.10.
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Figure 6.9. a-value (top). 6-value (middle) and recurrence time (bottom)as a function of the radius sampled 
for the Parkfield asperity.
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 ̂ NW Morgan Hill 1971-1984.3 SE

Figure 6.10. Vertical cross-section along strike of the Calaveras fault (a), showing the hypocenters from 
1971 - 1984.3. The Morgan Hill main shock location is marked by ‘x’. The first two weeks o f aftershocks 
are shown as red symbols, and the two ellipses mark the approximate rupture area [Bakun et al., 1986]. (b) 
Distribution of 6 -values along strike. Red colors indicate low 6-values, blue high 6-values, (c) Distribution 
of a-values. (d) Recurrence time Tr for an M6 earthquake, calculated from the a- and 6-values at each node.
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Figure 6.11. Vertical cross-section along strike of the Calaveras fault using the seismicity for the period Jan. 
1986 - Jan. 1996. The location o f the low fc-value patch and the location and value for the minimum recur
rence time remain stationary.
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Figure 6.12. Frequency-magnitude relationship for the entire segment o f the Parkfield rupture (20 x 15 km) 
and the asperity only (R = 3 km) (left), and for the entire segment o f the Morgan Hill rupture (25 x 12 km) 
and its asperity (R = 3 km) (right).
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Chapter 7. Frequency-Magnitude Characteristics of the 
Quiescence Anomalies in the Tokyo Region

7.1 Abstract

The analysis of the frequency-magnitude distribution of three current quiescences in the Tokyo 

region (documented by Wyss and Wiemer (1996) suggest that these quiescences may not terminate 

in -M6.5 main shocks. This interpretation is based on the hypothesis that the occurrence of a seis

mic quiescence can be interpreted as a probability gain over the long term poissonian background 

rate. Due to the high 6-values observed for all three quiescent volumes (1.5>6>1.1) this long term 

probability is low (p < 5. 10'5 per year). Although the observed quiescence poses an (unknown) 

probability gain, it is reasonable to assume that probability for an M6.5 remains small in the quiet 

areas.

The hypothesis that large events will preferentially occur in low 6-value volumes is substanti

ated by the observation that the 1990 M6.5 Izu Oshima earthquake occurred in a low 6-value 

region (6-0.5) with a p = 0.015 per year poissonian probability for such an event. The largest event 

in the Tokyo region since 1990 (1996, M5.6) also occurred in a low 6-value region (6~0.6).

7.2 Introduction

This chapter discusses the frequency-magnitude characteristics of three seismic quiescences in 

the vicinity of Tokyo, that where documented in a recent paper by Wyss and Wiemer (1996). These 

quiescences, termed the Saitima, Funabashi, and NW Saitima quiescences, are significant in that 

they potentially could be precursors to a magnitude M = 6.5 +/- 0.5 earthquake in an urban region 

(Wyss and Wiemer, 1996).

In a recent study, Wiemer and Wyss (1996) have performed a high resolution study of the fre

quency-magnitude distribution in fault zones. They found that for two well known asperities in the 

Parkfield and Morgan Hill areas, the asperities are characterized by anomalously low 6-values 

(6-0.5). Based on this observation, Wiemer and Wyss (1996) proposed a new model to explain the 

recurrence time of M6 earthquakes. Mori and Abercombie (1996) investigated the dependency of 

the 6-value on depth in several regions in California. They found generally a decrease of 6 with 

depth, and concluded that an event at depth (thus in a low 6-value) region has a more than an order
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of magnitude greater probability to grow into a large event.

Although no systematic study of the relationship between asperities, 6-values, and seismic 

quiescence has ever been performed, a number of unpublished case studies in California and Japan 

support the following hypothesis:

• Precursory seismic quiescence occurs in, or in close vicinity of, the volumes of high moment 

release during the mainshock. The asperities, which generate the moment release, are under 

high stress.

• Asperities are also volumes of low 6-value. The recurrence time of an earthquake of a given 

magnitude can be calculated most accurately by using the frequency-magnitude distribution of 

the events within the asperity. We find that he poissonian probability for a large event is several 

orders of magnitude higher in low 6-value volumes than in high 6-value volumes. This observa

tion is substantiated by the fact that generally the maximum size of the background earthquakes 

in a high 6-value region is one to two magnitude units smaller than in low 6-value regions.

• Consequently, the occurrence of seismic quiescences in low and high 6-value volumes should 

be judged differently. Quiescences in high 6-value volumes are less likely to be within an asper

ity and less likely to be a precursor to a large event.

A description of the probability P for the occurrence of an earthquake could thus be given in 

the following way: Let A./r be the Poisson probability of an earthquake of Magnitude M>=Mmin per 

year estimated from the long term rate, and Cq the increase in the probability due to the occurrence 

of quiescence.

P = *•// c q (e-q- 7.1)

Cq the probability gain, is an unknown constant ranging from 1 to l/A/f, and is likely to be 

dependent on the degree of quiescence, the tectonic setting, etc. X[, is a function of “a" and “IT 

(from the Gutenberg-Richter law) and can be calculated using the equation:

Xit = 10 <a-bM>idT (e.q. 7.2)

where M is the magnitude of an expected event. Although Cq is unknown, the dependency of A/f on
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“a” and “6” can be studied for a particular region.

However, an alternative hypothesis is that the probability gain of all seismic quiescences does 

not depend on “a” or “b”. The probability whether or not a specific quiescence is indeed precur

sory is thus a constant (e.g. 50% for a three-year period, as proposed by W m and Wiemer (1996)) 

and independent of the frequency-magnitude distribution. To distinguish between these hypotheses 

will require a number of high quality case studies, and ultimately a real time test. This chapter will 

explore the implications for the current quiescences in the Tokyo region under the assumption that 

equation (1) is valid. Evidence form the Izu-Oshima quiescence case {Wyss et al., 1996) will be 

used to further confirm the conclusion.

7.3 Data and Results

The catalog used in this study is identical to the one described in Wtyss and Wiemer (1996). 

Only night-time events are investigated, using data since 1980. The method used to estimate 6-val

ues in map view and cross-section has been described in detail in chapters 4 through 6.

The cumulative number plots for the three quiescent volumes are shown in Figure 7.1 and 7.2. 

Also shown for all three volumes are the frequency-magnitude distributions. Using the a and 6- 

value derived from the frequency-magnitude plot, the poisson probability for a M=6.5 earthquake 

can be calculated using equation (7.2). To correct for the fact that only night time events were 

used, all probabilities are multiplied by a factor 24/12. To simplify the analysis, the 100 closest 

earthquakes measured from the center of the quiescence anomaly were selected. However, for all 

three volumes the results were almost identical when selecting a constant radius (for example R 

=10 km) around each anomaly. Table 7.1 summarizes the results.

1) Saitama volume (Rn=ioo = H  km): The 6-value is 1.22 +/- 0.08, which is high compared to 

the average in this tectonic region (6=0.8-1.0). No event with M > 2.5 occurred in this volume over 

the past 16 years. The poissonian probability for a magnitude 6.5 event is about 7.5 x 10-6 per year.

2) Funabashi volume (Rn=ioo = 9.4 km): The 6-value is high (6=1.13 +/- 0.09). The largest 

event over the past 16 years was a magnitude 3.8, and the probability for a magnitude 6.5 event in 

this location is 5 x 10'5 per year.
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3) NW Saitama volume (R n=l00= i^ km); The 6-value is also high (6=1.49), the largest event 

was a M2.6. The probability for a M6.5 event is 1.6 x 10'7 per year.

Table 7 .1 :6-values, fl-values. and probabilities for a M ^6.5 earthquake per year

Saitama Funabashi NW Saitama M5.6 Izu-Oshima

6-value 1.22 1.13 1.49 0.72 0.49

tf-value 3.7 3.7 4.0 2.8 2.5

P [M>=6.5/
yr]

7.5 10-6 5.0 10'5 1.6 10‘7 0.002 0.015

^max 2.5 3.8 2.6 4.8 4.1

In order to test the hypothesis that large events occur in volumes of low 6-value, the largest 

event in the study region was investigated (M=5.6, March 19%). Only seismicity prior to this main 

shock was used. The seismicity was gridded using a 3 km grid spacing, and the 100 closest events 

with M>= 1.5 were used around each node in order to calculate a 6-value. This image of the distri

bution of 6-values (Figure 7.3) supports the findings for the individual volumes investigated. All 

three quiescent areas are in red areas, indicating high 6-values, whereas the 1996 M5.6 event 

(marked by a ‘x ’) occurred in a low 6-value (6~0.6) region. The frequency magnitude distribution 

and cumulative number plots of the 100 earthquakes surrounding the hypocenter are shown in Fig

ure 7.2. Using this frequency-magnitude distribution, recurrence times for an event of magnitude 

M >=5.6 and M>= 6.5 were calculated as 110 yrs and 450 years respectively. Neighboring vol

umes within this dense cluster of seismicity have recurrence times for a M5.6 event as short as 15

20 years. When selecting a constant radius of 10 km around the event, the recurrence time turns 

out to be about 35 and 220 years for M5.6 and M6.5 events, respectively.

A comparison of two volumes representing extreme 6-values is shown in the frequency-mag

nitude distribution in Figure 7.4. The first volume contains the hypocenter region of the M=5.6 

event, and the second volume samples the Saitama seismic quiescence. The frequency-magnitude 

distributions are clearly different to the eye, and can be distinguished at the 99% confidence limit 

using Utsu's (1992) test.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



128

73.1. The Izu-Oshima Case

The seismicity in the vicinity of the 1990 M6.5 Izu-Oshima mainshock has been studied in 

detail by Wys.y et al. (1996). Their study revealed the existence of precursory seismic quiescence 

centered on the hypocenter of the Izu-Oshima event, and lasting for about three years. However, 

they did not investigate the frequency-magnitude distribution of the seismicity in the region.

Analyzing the seismicity in the vicinity of the Izu-Oshima event is complicated because of a 

number of volcanic swarms close-by and the lack of a sufficient number of events in the immediate 

rupture area prior to the main shock. Using the same data-set described by HAro et al. (1996) the 

frequency-magnitude distribution was analyzed in map view and cross-section. Figure 7.3 shows 

the frequency-magnitude distribution of the 70 events that occurred within a 5 km wide cross-sec

tion centered on the fault plane and during the period 1980-1990. The 6-value for this population is 

low (6-0.5), the tf-value is 2.5, and the recurrence time for a magnitude M6.5 event is calculated to 

be about 70 years {p=0.015 per year). The largest event in this group was a M4.1. The map view of 

the distribution of 6-values (Figure 7.3) shows that indeed the Izu-Oshima event occurred within 

the area of lowest 6-values (6-0.5).

7.4 Conclusions

• The Saitama, Funabashi, and NW Saitama quiescences all occur in high 6-value regions 

(6>1.1) compared to the average of 6=0.8 for the region. Based on the Gutenberg Richter 

model, probabilities for occurrence of an M6.5 event are between 5 x 10'5 and 1.6 x 10‘7. The 

maximum event size in these volumes for the last 16 years was between 2.5 and 3.8 (night 

events only).

• No volumes of low 6-value that could indicate the existence of highly stressed asperities could 

be found in map view or cross-section of the currently quiescent volumes.

• The largest earthquake in the studied catalog (M5.6 1996) did occur in a volume of low 6-value, 

thus complying with the hypothesis that low 6-value regions have a higher probability for a 

large earthquake than high 6-value regions.
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• The Izu-Oshima M6.5 earthquake occurred in a low 6-value regime. The probability for this 

event based on the frequency-magnitude distribution of the background seismicity in the rup

ture area was 0.015 per year.

• The hypothesis that a seismic quiescence represents a probability gain of a large event by a 

unknown factor Cq above the long term background rate was presented. If this hypothesis is 

assumed to be valid, the likelihood for a magnitude M6.5 +/- 0.5 event in any of the three quies

cent volumes is low, due to the extremely low long term probabilities, and the fact that no low 

6-value asperities can be identified.

• To decrease the number of false alarms and to better understand the physics of precursory seis

mic quiescence, a detailed study of the relationship between frequency-magnitude distribution 

and seismic quiescence is needed.
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7.6 Figures
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Figure 7.1. Cumulative number of earthquakes for the Saitama volume (A, left) and frequency-magnitude 
distribution for the same population of events (right). (B) Same for the Funabashi volume.
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Figure 12. Cumulative number of earthquakes for the NW Saitama volume (A left) and frequency-magni
tude distribution for the same population of events (right). (B) Same for the seismicity in the vicinity of the 
largest event in the investigated region (M5.6,1990).
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Figure 7.3. 6-value maps for the Tokyo and Izu-Oshima area. Left: Tokyo, high 6-values are shown in red. 
low 6-value in blue. The seismicity was sampled using a 2 km grid, and the 100 closest events to each grid 
point were used to estimate the 6-value. Right: 6-value map showing the distribution of 6-values in the Izu- 
Oshima region. The seismicity was sampled using a 2 km spaced grid, and the 70 closest events to each grid 
point were used to estimate the 6-value. The epicenter o f the M6.5 Izu Oshima event is marked by a cross.
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Magnitude

Figure 7.4. Frequency-magnitude distributions for quiescent volumes near Tokyo, (a) Central Saitama com
pared to Izu-Oshima. (b) NW Saitama compared to the source volume of the largest earthquake in the data 
set (March 96). (c) Funabashi compared to the false alarm volume near Yokohama (Fig 13 in Wyss and 
Wiemer, 1996). Map showing the distribution of 6-values in the Izu-Oshima region. High 6-values are 
shown in red, low 6-value in blue. The seismicity was sampled using a 2 km spaced grid, and the 70 closest 
events to each grid point were used to estimate the 6-value. The epicenter of the M6.5 Izu Oshima event is 
marked by a cross.
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Chapter 8. Conclusions

Some seismologists consider seismicity studies based on earthquake catalogs an almost use

less enterprise. They suggest that the information which can be deduced from this kind of study 

has been exhausted since we know the location of the faults and their seismicity rates fairly well by 

now. Others remark that the errors in location and magnitude are so large that a more detailed anal

ysis cannot reveal much useful information.

However, the results presented in this thesis and other recent studies (Wyss et al, 1996ab; Wy-ss 

and Wiemer, 1996ab) suggest that there continues to be a wealth of valuable information that can 

be harvested from earthquake catalogs. Through more sophisticated analysis techniques and due to 

improvements in the quality and quantity of data available, we are today able to study seismicity 

through innovative ways and in unprecedented detail. Following the development in many other 

scientific disciplines, visualizing and visually exploring data has become an integral element of 

seismicity analysis. The combination of gridding techniques and statistical tools makes it possible 

to map seismicity parameters in an efficient and unbiased fashion in a multi-dimensional space (3- 

space dimensions, time, and magnitude).

8.1 Precursory Seismic Quiescence and Earthquake Prediction

Does precursory seismic quiescence exist and can this phenomena eventually be used for 

intermediate-term earthquake prediction? This is an important and still unresolved question in 

seismology, addressed in detail in chapters 2 ,3  and 7. The case studies presented suggest that the 

answer to this question is more complex than a simple yes or no. There is no question that seismic 

quiescence exists, but there remains the question if and how it relates to the failure process of large 

earthquakes. Significant progress in the techniques available to analyze seismic quiescence has 

been made, as demonstrated in chapters 2,3, and 7. Using z-value maps (e.g. Figures 2.5 and 3.4) 

all of space-time for a large region can now be searched for seismicity rate changes. No seismicity 

rate decrease above a given significance threshold will be missed by the alarm cube method (chap

ter 3), enabling us to identify all false alarms. By using z-value maps or cross-sections we can now 

visualize the change in seismicity rate prior to a mainshock in much more detail than previously 

possible, enabling us to study the behavior of different patches on the fault and correlate these
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results with other geophysical parameters such as the moment release or slip during an earthquake 

(chapter 3). This is important because it allows further constraints of the physical mechanisms 

causing precursory seismic quiescence. The limited data from a number of earthquakes (Landers 

[chapter 3], Morgan Hill, Coyote Lake, Adak 1986 [unpublished]) currently points at dilatancy 

hardening (Scholz, 1988) rather then slip softening (Rudniki, 1988) as the most likely physical 

mechanism.

Reasenberg and Matthews ( 1988) conducted a systematic survey of mainshocks in California, 

and concluded in their preliminary evaluation of the quiescence hypothesis that precursory seismic 

quiescence does not precede a significant percentage of mainshocks. They sampled the seismicity 

in a single circle of 2-25 km radius around each of the epicenters, where the radius depended on 

the magnitude of the mainshock. However, as presented in this thesis (chapters 2 and 3), we dis

covered that, when using higher resolution analysis techniques, most of the seismic quiescences 

show a 80-100% decrease in the center of the anomaly. This almost complete shut-off of the seis

micity occurs typically in volumes of 5-10 km diameter or less (Figures 2.7,2.9,3.2, and 3.3). Pre

vious analyses using arbitrarily chosen polygons or larger circles centered on the epicenter would 

not necessarily have been able to identify the center of the anomaly. By sampling a population of 

earthquakes from both inside and outside the anomaly one would see a less significant rate 

decrease, or, in the case of a seismicity increase on the outskirts of the anomaly, one would detect 

no rate change at all. We have also learned to appreciate that quiescence can be limited to certain 

depth ranges, and only by using cross-section images of the seismicity rate decrease can we sepa

rate volumes that do or do not participate in the quiescence. These more sophisticated analysis 

techniques make it worthwhile to revisit the survey conducted by Reasenberg and Mathews (1988) 

in the near future.

Perhaps the largest obstacle when analyzing seismic quiescence remains artificially introduced 

changes in the reporting history of earthquake catalogs (Zuniga and Wyss, 1995; Zuniga and 

Wiemer, 1995; Habermann, 1982, 1983,1986, 1987). Caution and skepticism need to be applied 

when analyzing seismic quiescence, and investigators need to show that, to the best of their knowl

edge, the decrease was not caused by a change in the network configuration, the data processing, 

or other human interference. Investigating the seismicity in all magnitude bands using magnitude 

signatures (Habermann, 1983) allows one to split a seismicity rate decrease into three basic com
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ponents: 1) a rate change (factor); 2) a magnitude shift; and 3) a magnitude stretch (Zuniga and 

WVsj, 1995). Detailed mapping of the extent of the decrease in space-time might deliver additional 

dues to identifying artificially introduced rate changes. However, even after all these possibilities 

have been carefully investigated, one can never entirely rule out that a rate change was caused by 

humans rather than nature.

Precursory seismic quiescence dearly does not precede all earthquakes, and for many earth

quakes we will not be able to detect it given the current level of seismic monitoring. For example, 

in the case of the Northridge, (California, 1994) and Kobe, (Japan, 1995) events, only a handful of 

earthquakes occurred on the fault in the 15 years prior to the mainshock, making it virtually impos

sible to detect a trace of precursory seismic quiescence in the rupture area. (Interestingly, this low 

seismicity rate makes a lot more sense when one assumes low 6-values and long recurrences times 

for the fault, as proposed in chapter 6). Other areas, such as the Aleutian Chain, unfortunately 

remain poorly monitored. This makes it virtually impossible to detect seismic quiescence. 

Kisslinger (1988) was able to document a unique case of seismic quiescence prior to a large sub

duction earthquake (the 1986, Mw=8.1 Adak earthquake) by using a regional seismic network. 

However, this network was removed in 1991, and the current monitoring of earthquakes relies 

mainly on teleseismic detection with a magnitude of completeness of about M~5. As a result it is 

now virtually impossible to investigate whether or not seismic quiescence preceded the recent gap- 

filling event (June 9th 1996, Mw=7.9) in the neighboring segment of the 1986 rupture zone. 

Because geoscientists, unlike experimental physicists, are forced to wait for nature to perform an 

experiment, every missed case study is a missed opportunity to advance our understanding of the 

preparation process to a large earthquake.

Several authors have suggested that precursory seismic quiescence exists for a larger region, 

hence a decrease in the seismicity rate in a volume several times larger than the fault dimensions 

(e.g. Zschau, 1995). For this pattern it is much more difficult to establish a causal relationship 

between the mainshock and the observed seismicity decrease. It is also difficult to envision a phys

ical mechanism causing such a regional quiescence. The case studies presented in chapter 2,3 and 

7 focused on a local scale, where the dimensions of the quiescent volume are typically a fraction of 

the eventual rupture length. However, the analysis techniques presented in this thesis also can be 

applied to study quiescence regionally.
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We have documented in detail a number of case studies of precursory seismic quiescence. The 

Landers earthquake sequence (chapters 2 and 3; Wiemer and Wm, 1994) provided the first case 

study of precursory seismic quiescence using these more sophisticated techniques to map out seis

mic quiescence. Others followed, using data from a variety of seismic networks and tectonic 

regimes (e.g., Wv.w et al, 1996; Wyss and Wiemer, 1996ab). What is lacking is a more systematic 

search for all periods of quiescence, covering a large region such as all of northern California, and 

including a documentation of all successes, false alarms and missed events. For each volume 

investigated, the quiescence hypothesis will have to be tested against the best estimate of the Pois

sonian background rate of large earthquakes. The ultimate, truly unbiased evaluation of the seis

mic quiescence hypothesis will, in my opinion, have to be performed in a real time approach. After 

three years of software development we now have most of the necessary software implemented to 

perform such real time testing (chapters 2 and 3; and Wiemer, 1996a,b).

The current seismic quiescences within 20 km of Tokyo, Japan, documented by Wv.vs and 

Wiemer (1996b; see also chapter 7) illuminate the dilemma that investigators face when analyzing 

seismicity patterns in real time. The fact that damaging earthquakes can indeed occur in the Tokyo 

region is well known. The uncertainties (in probability of occurrence, location, magnitude, and 

time) of a ‘prediction’ based on the seismic quiescence hypothesis are currently such that the seis

mic quiescence hypothesis is of only academic interest and clearly of no use for any practical 

earthquake prediction. For the Tokyo quiescence, W'Vj.s and Wiemer (1996b) used the results pre

sented in chapter 7 to conclude that it is unlikely that the observed quiescences are precursors to 

potentially damaging earthquakes. However, the general public and the media are, of course, 

immensely interested in any study or ‘predictions’ of potentially hazardous earthquakes. I believe 

that denial and secrecy when dealing with the public and media is counterproductive and non-sci- 

entific. Seismologists have to choose an extremely cautious and conservative approach when deal

ing with the sensitive issue of earthquake prediction. It is always tempting to use the public and the 

media to create additional leverage to ensure continuing funding. Yet unsupported optimism and 

sensationalism can seriously jeopardize the reputation and credibility of individual scientists and 

science as a whole. Earthquake prediction has also always been an attractive field for pseudo-sci

entists, fortune tellers, and charlatans. I consider it as vital to draw a clear distinction between seri

ous scientific studies aimed at understanding precursory phenomena and pseudo-science, and to 

explain this distinction to the public. Scientists have to enforce a strict regime of self-discipline.
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peer review, quantitative analysis, and objectivity - which in the past was not always the case when 

evaluating precursory phenomena. In this respect the effort made by the IASPEI sub-commission 

to evaluate precursory phenomena (Wy-w, 1991) can only be applauded.

The optimism and enthusiasm of the early 1970’s, where routine and reliable earthquake pre

diction seemed only a stone’s throw away, has been replaced at least in the USA with pessimism 

and skepticism. The pendulum of opinions has gone through a full swing. Predicting earthquakes 

has turned out to be a much more difficult task than scientists had expected in the 1970’s, and the 

more we learn about the complexity of the earthquake failure process, the more we appreciate the 

difficulty of the task. The non-occurrence of the Parkfield earthquake has further undermined 

hopes of seismologists. Inspired by chaos theory, fractals, and self similar systems, a number of 

seismologist believe now that earthquake predictions are inherently impossible, and that no precur

sory phenomena can be detected. At any given time, any small event can grow into a big one with 

a certain probability. One can object to this view that indeed many large earthquakes are preceded 

by fore-shocks, clearly a precursory phenomenon. For California, Abercombie and Mori ( 1996) 

found that 44% of all earthquakes are preceded by one or more foreshocks. We are currently 

unable to identify foreshocks as such until the mainshock has actually occurred, but their sheer 

existence suggests that the segment of the fault which will ultimately rupture in the mainshock 

does indeed undergo a preparation cycle and ‘knows’ when it is close to final failure. It is thus not 

unreasonable to propose that this final stage of the seismic cycle can indeed be detected, and that 

other precursory phenomena might exist. These precursory phenomena, however, will generally 

take place at several kilometers depth and thus may be difficult to detea directly at the surface of 

the earth. This is why seismicity analysis attempts to use the earthquakes in the vicinity of the fault 

plane as ‘stress-indicators’, as indirea evidence that the fault is approaching the final stage before 

a large event.

The last chapter in this thesis, chapter 7, proposes a step towards a multiple-parameter 

approach to earthquake prediction. The hypothesis that earthquakes preferably occur in low b- 

value regions is presented, and combined with the seismic quiescence hypothesis. The goal is to 

achieve a more accurate assessment of the probability of an earthquake occurring due to the obser

vation of a seismic quiescence. In the future we hope to be able to take this approach one step fur

ther, and factor in the fact that many large earthquakes show foreshocks. Thus the occurrence of a
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foreshock like sequence of events within or near a quiescent volume and within a low 6-value 

region should indicate the highest possible probability gain over the constant poissonian back

ground rate. In the future, we may find that factoring in other parameters (such as the p-value of 

the foreshock-sequence, the depth of the anomalies, etc.) can provide additional constraints for a 

more accurate probability assessment.

8.2 Investigating the Frequency-Magnitude Distribution

Studies of the frequency-magnitude distribution have for many cases been controversial. But is 

most of it just “much ado about 1.0” as Frohlich and Davis (1993) provocatively suggested when 

investigating teleseismic variations in the 6-value?

Clearly, one has to be careful when investigating the frequency-magnitude distribution. Inher

ently the slope of the logarithmic frequency-magnitude distribution is a sensitive parameter to 

measure, and much thought has been given by a number of authors to the correct way to measure 

a, 6 and their confidence limits (Shi and Bolt, 1982; Bender, 1983). Most likely there have been 

many studies of the frequency-magnitude distribution that discuss only numerical noise. One has 

to be cautious not to over-interpret variations. As seen in Figure 6.3, the estimates of the 6-value 

can vary up to 30% by chance. Additional complication comes from the fact that unambiguously 

interpreting the observed variations in the frequency-magnitude distribution is not possible, since 

several parameters have been shown to impact the slope of the frequency-magnitude distribution.

Yet, despite all these complications, there is little doubt in my mind that variations in the fre

quency-magnitude distribution can indeed tell us much about the physical properties and environ

mental conditions in which they occur. The differences in the frequency-magnitude distribution for 

the different patches on the San Andreas fault are so striking, that they cannot be explained as 

numerical uncertainties or statistical fluctuations when measuring the slope of the frequency-mag

nitude distribution. In order to explain these differences as related to systematic problems with the 

location or magnitude estimation, complex, almost esoteric arguments need to be constructed. The 

obvious correlation of the lowest 6-value region and the Parkfield asperity is intriguing. We have 

argued that elevated stress is the likely cause for the low 6-values observed. By comparing the 

6-values with the results from stress tensor inversions we hope to be able to support this hypothesis 

in more detail.
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The research presented in chapter 5, 6 and 7 suggest that high resolution studies of the spatial 

variability of the frequency-magnitude distribution can reveal so far unnoticed features of subduc

tion zones, volcanoes, and faults. Using the imaging capabilities of ZMAP, the heterogeneity of 

the frequency-magnitude distribution can be studied at a number of different scale lengths. In sub

duction zones (chapter 5), our method had a resolution of 10-20 km and we could use earthquakes 

with a magnitude of completeness Mcomp = 2-3. Along the strike-slip faults of California we study 

anomalies measuring 1-5 km, using events above M=l. For volcanoes, very dense seismic net

works make it possible to study features of sub-km dimension by using events of M > 0.1-0.4. 

Thus it can be concluded that variability in the frequency-magnitude distribution exists over sev

eral scale lengths, mirroring the complexity and heterogeneity of the earth’s crust.

It is important to understand the physical causes of the described 6-value anomalies, including 

the perturbation of the fractal distribution of rupture lengths. Constraints for models of these per

turbations may be found by correlating 6-value anomalies with differences in other geophysical 

parameters. For example, under volcanoes we have found that anomalously high 6-values correlate 

with the locations of active magma chambers (Wiemer and McNutt, 1996; W m  et al, 1996b). For 

a part of central Japan where a resistivity model derived from magneto-telluric data is available we 

found some suggestion of correlation of high 6-values with low-resistivity crust in a preliminary 

survey (more pervasive fracturing may be the physical explanation of both types of anomalies). 

Along the San Andreas fault another preliminary investigation suggests that there may exist a cor

relation with the orientation of the stress tensor (derived by inversion from focal mechanisms) and 

with V p/V s anomalies. High quality data sets recorded under controlled conditions such as in 

mines need to be investigated to put further constraint on the physical mechanism causing the vari

ability in the frequency-magnitude distribution.
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Appendix A: The Seismicity Analysis Software ZMAP

A.l What is ZMAP?

One of the most valuable products of this thesis is the software developed while studying seis

micity. This software has been bundled into a package, ZMAP, that enables the user to interac

tively perform a number of standard and innovative tasks to investigate seismicity. The capabilities 

of ZMAP are described in some detail below. By making ZMAP available to interested scientists 

via anonymous ftp, we ensure that other research groups can benefit from our software develop

ment and at the same time re-evaluate our analysis. We have also written a 100 page users-guide, 

that is available either as a post-script file or HTML document.

One main application of ZMAP is the study of the seismic quiescence hypothesis. ZMAP is a 

tool uniquely suited to detect seismicity rate changes prior to major earthquakes - either after the 

fact or applied in ’real time’. ZMAP identifies seismicity rate changes in earthquake catalogs and 

helps also to investigate the characteristics of changes.

ZMAP can be used to investigate or monitor the health of a seismic network. The user can 

address questions like: Did the detection threshold change in a particular area for a certain time? 

Did the meaning of magnitude change? A long list of artificial changes in earthquake catalogs has 

by now been documented (e.g. Habermann 1983, 1987, 1991; Wyss, 1991). These artificial 

changes of the reporting rate can be introduced by modifications to the network configuration, the 

software or hardware used, the calibration of seismic stations, etc.. Artificial changes can either 

mask natural changes in the seismicity or. worse, be misinterpreted as natural changes. Using mag

nitude signatures and 6-value curves, one can attempt to unravel the reporting history of earth

quake catalogs.

Here, in a nutshell, is a list of features that ZMAP provides:

• Display of standard plots such as maps, cross-sections, dme-series, time-magnitude. time 

depth, 3-dimensional view of the seismicity, histograms (Figure A. 1).
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Figure A. 1. A number of example windows of Z3/IAP

• Interactive event selection in polygons of any shape.

• Separation of the dependent and the independent pan of the seismicity (declustering), based 

on Reasenberg s (1985) algorithm. The properties of the clusters, such as the b- and p-val-
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ues, histograms, rate changes) can be investigated for individual clusters as well as groups of 

clusters.

• Evaluation of seismicity rate changes as a function of space and time, using maps, cross-sec

tions, or movies of the standard deviate z. The standard deviate z describes the significance 

of a rate change (Figure A.2).

Figure A.2. Schematic explanation of the LTA function 

• Identification of all occurrences of seismicity patterns in space time by using alarm cubes. 

An alarm is declared when a specified pattern (for example a seismic quiescence) has been 

identified at a certain significance level (Figure A.3)

►  Time

UMI

Figure A.3. Alarm cube for Italy
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• Evaluation of the significance of a seismic quiescence as compared to the randomized cata

log or under the assumption of a Poissonian seismicity distributioa

• Enables the user to study the characteristic of the frequency-magnitude distribution of events 

in space and time. Maps, cross-sections, and a number of space-time projections of the 6- 

value can be computed. The 6-value and its confidence limits are estimated using both a 

weighted least squares and maximum likelihood method. The magnitude of completeness 

can also be analyzed spatially.

• Evaluation of the confidence limits of the a and 6-value estimates as a function of sample 

size.

• Interactive estimation of the p-value of an aftershock sequence from Omori’s law.

• Calculation of the recurrence time for a magnitude M event from the frequency-magnitude 

distributioa

• Investigation of the properties of seismicity rate changes using magnitude signatures and 

GENAS (first introduced by Habermann, 1983). This approach evaluates seismicity rate 

changes in different magnitude bands. Magnitude shifts, stretches, and rate changes can be 

identified and modeled.

• Performs a time to failure analysis based on accelerated moment release. Varnes (1989) and

Figure A.4. Example of the frequency-magnitude distribution. •
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Birfe et al. (1993) suggested that the moment release accelerates in the 10-20 years prior to a 

major earthquake.

Inverts for the stress direction using Gepharis (1984) algorithm Using fault plane solutions 

the principal stress directions and their 95% confidence limits can be calculated for an inter

actively selected subset of data. In addition the implementation of the cumulative misfit 

method by Lu and WVvjr (1996) allows the identification of regions with a homogeneous 

stress direction Maps or cross-sections of the cumulative misfit and the stress tensor direc

tions can be displayed (UNIX version only).

In addition, ZMAP features:

• Built in on-line help (Figure A.5), HTML users guide, and a 100 page manual.

 ________ x m a p  i»  m m m m m m

W e 'com e  to 
Z M A P  vers ion  1 2

W ritten ty, S le 'a n  W iem**. ^ am on Z .n iq e , 
and  A lexande r AJImonn

T h e 'e  are th ree  S u O d re d o ' e s  *o the Z M A P  h c m e -o re d o ry

s rc  c cn ta irs  the  sou rce  c o s *  to 4map 
out outoct of cd ta  

q_ ca la . da ta  Ides

P le a se  read r e  Z M A P  U se r G u ide  Oelsre you  start
the program  tt you  nave  question s -acour the  program , cr
hke rs get a e spy  rt the  U se rs  Gu ide, s ic a se  »n tac*  m e u n c

S te fan  W iem er T*L (907; 474 7161. Fax (907) 474 7290 
e -m aj! s te fa n @ g s e s  atee5k<L*cu

Figure A5. Example window showing the on-line help available 

User friendly, interactive interface (Figure A.6)

S e iu C T lc n y  V f a p  _  _  I j

3 5 .

34 .8

34 .6 - v

Figure A.6. Example window showing the pull-down menu capability of ZMAP.
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• Open system architecture, making it easy to add new components without having to re-com

pile the entire program.

• Automatic downloading of the latest version via anonymous ftp.

• Graphics output in many different formats.

• Data import from a number of catalogs formats (Hypoinverse, Hypoellipse)

A.2 HTML Users Guide

This Users Guide is distributed as a postscript file and as a HTML document. You can point 

your web browser (such as Mosaic) to the file <zmaphome>/wwwdoc/wmworks/www/ 

ug.book_l.html and you should be able to browse through the Users Guide. This allows fast 

access, saves paper, and shows all the figures in color.

A.3 Obtaining ZMAP

ZMAP is freeware and available for a number of operating systems (UNIX, PC. MAC). As 

mentioned above, ZMAP is a collection of MATLAB scriptfiles, and you do need a version of 

MATLAB (4.1 or higher) to run ZMAP. The latest version of ZMAP and the Users Guide can be 

obtained via anonymous ftp:

ftp eq.giseis.alaska.edu 

password: anonymous

To get the UNIX version as a compressed tar file type

cd pub/zmap/unix 

binary

get zmapjarZ 

get manual, tarZ

To get the PC or Macintosh version as a compressed zip file: 

cd publzmap/pc 

binary 

prompt off 

mget *
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Read the file instalLtxt to find out how to install ZMAP. If you don’t have access to ftp, send 

fax or e-mail to Stefan Wiemer, stefan@giseis.alaska.edu, fax (907) 479 7290.1 will mail you a 

floppy or CD with the source code and a hardcopy of the UsersGuide.

A.4 Sample Data

You can also retrieve a number of sample data sets via ftp. Log in via anonymous ftp as 

described above and cd into the directory pub/zmap/data. Set the file type to binary. There will be 

a list of data sets in this directory, among them:

• landers.mat: Seismicity prior to the Landers and Big Bear earthquake (see Wiemer
and Wyss. 1994)

• red8995.mat: Seismicity in the vicinity of Redoubt, Alaska. This time-period
includes all of the 89-90 eruptions. Only VT events are listed.

• ak8994.mat: AEIC earthquake catalog for Alaska.
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