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Foreword
Earthquakes occur over a continuous energy spectrum, ranging from
high-magnitude, but rare, earthquakes to those of relatively low magnitude but high frequency of occurrence (i.e., microearthquakes). This
review is concerned primarily with the underlying physical principles,
techniques, and methods of analysis used in studying the low-magnitude
end of the spectrum. As a consequence of advancing technological capabilities that are being applied in many diverse regional networks, this
subject has grown so rapidly that the need for a coherent overview describing the present state of affairs seems clear.
One of the main reasons for the growth of interest in microearthquakes
is a newly accepted concern of seismologists for prediction that goes along
with the more traditional concerns for description and physical understanding including the use of earthquake records as probes of internal
constitution of the Earth. It is now recognized that these low-amplitude
microearthquakes are important signals of continuous tectonic processes
in the Earth, the future evolution of which is to be forecast. In this predictive respect seismology has moved closer in its goals to meteorology,
inheriting the awesome difficulties of predicting the output of an essentially aperiodic, nonlinear, stochastic, dynamic system that can only be
modeled and observed in a very crude way far short of the continuum
requirements in space and time.
The observational difficulties in seismology are, in fact, even more
acute than those in meteorology. As we have indicated, however, there
have already been substantial advances in this aspect of the problem, and
this Supplement 2 volume of Advcrnces iw Geophysics, by Lee and Stewart,
will provide a benchmark for the progress made to date.
BARRY
SALTZMAN
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Preface

In the fall of 1976, Professor Stewart W. Smith invited us to contribute
an article on “Network Seismology as Applied to Earthquake Prediction”
for a volume in the Advances in Geophysics serial publication. We felt that
a review of microearthquake networks and their applications would be
more appropriate with respect to our experience. The manuscript grew in
size beyond the usual length of a review article. We are grateful that
Professor Barry Saltzman, the Editor of Advtrrzces in Geophysics, accepted
the manuscript for publication as a supplemental volume in this series.
Seismology is the study of earthquakes and the Earth’s internal structure using seismic waves generated by earthquakes and artificial sources.
Individual earthquakes vary greatly in the amounts of energy released. In
1935, C. F. Richter introduced the concept of earthquake magnitude-a
single number that quantifies the “size” of an earthquake based on the
logarithm of the maximum amplitude of the recorded ground motion.
Earthquakes of magnitude less than 3 usually are called microearthquakes. They are felt over a relatively small area, if at all. The great
earthquakes, those of magnitude 8 or larger, cause severe damage if they
occur in populated areas. In 1941, B. Gutenberg and C. F. Richter discovered that the logarithm of the number of earthquakes in a given magnitude
interval varies inversely with the magnitude. In general, the number of
earthquakes increases tenfold for each decrease of one unit of magnitude.
Thus, microearthquakes of magnitude 1 are several million times more
frequent than earthquakes of magnitude 8.
The principal tool in seismology is the seismograph, which detects,
amplifies, and records seismic waves. Because the seismic energy released by microearthquakes is small, seismographs with high amplification must be used. With the advances in electronics in the 1950s, sensitive
seismographs were developed. Thus, it became practical by the 1960s to
operate an array of closely spaced and highly sensitive seismographs to
study the more numerous microearthquakes. Such an array is called a
microearthquake network.
ix

Microearthquake networks are especially well suited for intensively
studying seismically active areas and are a powerful tool for investigating
the earthquake process in great detail and in relatively short time intervals. Their applications are numerous, such as monitoring seismicity for
earthquake prediction purposes, mapping active faults for hazard evaluation, exploring for geothermal resources, and investigating the Earth’s
crust and mantle structure.
As far as we are aware, this book is the first attempt to present a review
of the fundamentals of microearthquake networks: instrumentation systems, data processing procedures, methods of data analysis, and examples
of applications. Because microearthquake networks have been developed
by many independent groups in several countries, it is difficult for us to
present a comprehensive review. Rather, we have relied heavily upon our
experience with the USGS Central California Microearthquake Network.
In this book, we have emphasized methods and techniques used in microearthquake networks. Results from applications of microearthquake
networks are tabulated and referenced, but not described in any detail.
We believe that interested persons should read the original articles. Due to
space and time limitations, we have not treated several relevant topics,
such as the principles of seismometry, and some recently developed techniques in digital instrumentation and data analysis. However, some references to these and related topics are provided.
A considerable amount of practical material relevant to earthquake
seismology has been brought together here. We believe that this volume
will be useful especially to those who wish to operate a microearthquake
network or to interpret data from it. Each chapter has been written to be
reasonably self-contained. Two preparatory chapters on seismic ray tracing, generalized inversion, and nonlinear optimization are given so that
basic techniques in microearthquake data analysis can be developed systematically. In addition to author and subject indexes, a glossary of abbreviations and unusual terms has been prepared to help the reader. This
work is intended for seismologists in general, and for those geologists,
geophysicists, and engineers who wish to learn more about microearthquake networks and their applications.
We thank many of our colleagues for sending us preprints and reprints
of their work in microearthquake studies, and for answering questions. It
is a pleasure to acknowledge suggestions and comments on the manuscript
by K. Aki, D. J. Andrews, R. Archuleta, U. Ascher, W. H. Bakun, M.
Bath, B. A. Bolt, M. G. Bonilla, D. M. Boore, C. G. Bufe, R. Buland, P.
T. Burghardt, U. Casten, R. P. Comer, C. H. Cramer, S. Crampin, R.
Daniel, J. P. Eaton, N. Gould, T. C. Hanks, D. H. Harlow, T. L. Henyey,
R. B. Herrmann, D. P. Hill, J. Holt, R. Jensen, J. C. Lahr, J. Langbein,
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xi

J. Lawson, F. Luk, T. V. McEvilly, W. D. Mooney, S. T. Morrissey, R. D.
Nason, M. E. O'Neill, R. A. Page, N. Pavoni, R. Pelzing, V. Pereyra, L.
Peselnick, G. Poupinet, C. Prodehl, M. R. Raugh, P. A. Reasenberg, I.
Reid, A. Rite, J. C. Savage, R. B. Smith, P. Spudich, D. W. Steeples, C.
D. Stephens, Z. Suzuki, J. Taggart, P. Talwani, C. Thurber, R. F. Yerkes,
and Z. H. Zhao.
We are grateful to I. Williams for typing the manuscript, to R. Buszka
and R. Eis for drafting some of the figures, to W. Hall, W. Sanders, and
J . Van Schaack for technical information, and t o B. D. Brown, S. Caplan,
K. Champneys, D. Hrabik, M. Kauffmann-Gunn, K. Meagher, A. Rapport,
and J. York for assistance in preparing and proofreading the manuscript.
The responsibility for the content of this book rests solely with the
authors. We welcome communications from readers, especially concerning errors that they have found. We plan to prepare a Corrigenda, which
will be available later for those who are interested.
W. H. K. LEE
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1. Introduction

Earthquakes of magnitudes less than 3 are generally referred to as microearthquakes. In order to extend seismological studies to the microearthquake range, it is necessary to have a network of closely spaced and
highly sensitive seismographic stations. Such a network is usually called a
microearthquake network. It may be operated by telemetering seismic
signals to a central recording site or by recording at individual stations.
Depending on the application, a microearthquake network may consist of
several stations to a few hundred stations and may cover an area of a few
square kilometers to 1 0 km2. Microearthquake networks became operative in the 1960s; today, there are about 100 permanent networks all over
the world (see Section 7. I ) . These networks can generate large quantities
of seismic data because of the high occurrence rate of microearthquakes
and the large number of recording stations.
By probing in seismically active areas, microearthquake networks are
powerful tools in studying the nature and state of tectonic processes.
Their applications are numerous: monitoring seismicity for earthquake
prediction purposes, mapping active faults for hazard evaluation, exploring for geothermal resources, investigating the structure of the crust and
upper mantle, to name a few. Microearthquake studies are an important
component of seismological research. Results from these studies are usually integrated with other field and theoretical investigations in order to
understand the earthquake-generating process.
In the following sections, we present a brief historical account of the
development of microearthquake studies and give an overview of the
contents and scope of the present work.
1.1,

Historical Development

Microearthquake studies were stimulated by the introduction of the
earthquake magnitude scale by C. F. Richter in 1935, and by the discovery
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of the earthquake frequency-magnitude relation by B. Gutenberg and C.
F. Richter in 1941 (a similar relation between maximum trace amplitude
and frequency of earthquake occurrence was found by M. Ishimoto and
K. Iida in 1939). Implementation of microearthquake networks in the
1960s was made possible by technological advances in instrumentation,
data transmission, and data processing.
In order to implement a nuclear test ban treaty in the late 1950s, extensive seismological research in detecting nuclear explosions and in discriminating them from earthquakes at teleseismic distances was carried
out with support from various governments. Several arrays of seismometers in specific geometrical patterns were deployed in the 1960s. The
largest and best known of these is the Large Aperture Seismic Array
(LASA) in Montana. It consisted of 21 subarrays, each with 25 shortperiod, vertical-component seismometers (arranged in a circular pattern)
and a set of long-period, three-component seismometers at the subarray
center (Capon, 1973). Four smaller arrays were sponsored by the United
Kingdom Atomic Energy Authority (Corbishley, 1970): these were located at Eskdalemuir, Scotland (Truscott, 1964); Yellowknife, Canada
(Weichert and Henger, 1976); Gauribidanur, India (Varghese et al., 1979);
and Warramunga, Australia (Cleary et al., 1968). Four smaller arrays were
also established in Scandinavian countries: the NORSAR array in Norway (Bungum and Husebye, 1974), the Hagfors array in Sweden, and the
Helsinki and Jyvaskyla arrays in Finland (Pirhonen et al., 1979).
Some of these arrays were among the first ever to combine digital
computer methods for on-line event detection and off-line event processing. They pioneered the way for automating the processing of seismic
data. However, these earlier seismic arrays were concerned almost exclusively with studying teleseismic events. It is beyond our scope to discuss
them further.
In terms of historical development, microearthquake networks evolved
from regional and local seismic networks rather than from seismic arrays
for nuclear detection. Microearthquake networks also evolved from temporary expeditions that studied aftershocks of large earthquakes to reconnaissance surveys, and finally to permanent telemetered networks or
highly mobile arrays of stations. Methods and techniques to study microearthquakes have been developed (more or less independently) by various groups in several countries, notably in Japan, South Africa, the
United States, and the USSR.
Although historical development of microearthquake studies in the
countries mentioned above will be discussed in Sections 1 . 1 . & I . 1.7,
many pioneering investigations have been carried out in other countries as
well. For example, Quervain (1924) appeared to be the first to use a
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portable seismograph to record aftershocks. By deploying an instrument
near the epicenter of a strong local earthquake in Switzerland and by
recording in Zurich also, he was able to use the aftershocks to estimate P
and S velocities in the earth’s crust.
I .I . I .

Magnitude Scale

Richter (1935) developed the local magnitude scale using data from the
Southern California Seismic Network operated by the California Institute
of Technology. At that time, this network consisted of about 10 stations
spaced at distances of about 100 km. The principal equipment was the
Wood-Anderson torsion seismograph (Anderson and Wood, 1925) of 2800
static magnification and 0.8 sec natural period. Richter defined the local
magnitude of an earthquake at a station to be
(1.1)

where A is the maximum trace amplitude in millimeters recorded by the
station’s Wood-Anderson seismograph, and the term -log A . is used to
account for amplitude attenuation with epicentral distance. The concept
of magnitude introduced by Richter was a turning point in seismology
because it is important to be able to quantify the size of earthquakes on an
instrumental basis. Furthermore, Richter’s magnitude scale is widely accepted because of the simplicity in its computational procedure. Subsequently, Gutenberg ( 1945a,b,c) generalized the magnitude concept to include teleseismic events on a global scale.
Richter realized that the zero mark of the local magnitude scale is
arbitrary. Since he did not wish to deal with negative magnitudes in the
Southern California Seismic Network, he chose the term -log A. equal to
3 at an epicentral distance of 100 km. Hence earthquakes recorded by a
Wood-Anderson seismograph network are defined to be mainly of magnitude greater than 3, because the smallest maximum amplitude readable
is about 1 mm. In addition, the amplitude attenuation is such that the term
-log A. equals 1.4 at zero epicentral distance. Therefore, the WoodAnderson seismograph is capable of recording earthquakes to magnitude
of about 2, provided that the earthquakes occur very near the station
(Richter and Nordquist, 1948).
I .I .2.

Frequency-Magnitude Relation

In the course of detailed analysis of earthquakes recorded in Tokyo,
Ishimoto and Iida (1939) discovered that the maximum trace amplitude A
of earthquakes at approximately equal focal distances is related to their

4
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frequency of occurrence N by

(1.2)

NA‘” = k

(const)

where m is found empirically to be 1.74. At about the same time, Gutenberg and Richter (1941) found that the magnitude M of earthquakes is
related to their frequency of occurrence by
log N = a - bM

(1.3)

where a and b are constants. The Ishimoto-Iida relation does not lead
directly to the frequency-magnitude formula [Eq. (1.3)] because the maximum trace amplitude recorded at a station depends on both the magnitude of the earthquake and its distance from the station. However,
under general assumptions, the frequency-magnitude formula can be deduced from the Ishimoto-Iida relation as shown by Suzuki (1953).
Many studies of earthquake statistics have shown that Eq. (1.3) holds
and that the value of b is approximately 1. This means that the number of
earthquakes increases tenfold for each decrease of one magnitude unit.
Therefore, the smaller the magnitude of earthquakes one can record, the
greater the amount of seismic data one collects. Microearthquake networks are designed to take advantage of this frequency-magnitude relation.
I J . 3 . ClassiJication of Earthquakes by Magnitude

Seismologists have used words such as “small” or “large” to describe
earthquake size. After the introduction of Richter’s magnitude scale, it
was convenient to classify earthquakes more definitely to avoid ambiguity. The usual classification of earthquakes according to magnitude is
as follows (Hagiwara, 1964):
Magnitude ( M )
M 2 7
5 5 M <7

3

5

M <5

15 M <3

M < I

Classification
Major earthquake (“great” for M
Moderate earthquake
Small earthquake
Microearthquake
Ultra-microearthquake

2

8)

There is now a tendency to denote as microearthquakes all earthquakes of
magnitude less than 3 , and the term ultra-microearthquake is seldom
used. However, in the existing literature, terms like “small,” “very
small,” “minimal,” “weak,” and “local” are often used to describe
earthquakes of microearthquake size.

1 . 1 . Historicul Development

S

Because the dynamic range of seismic recordings is only of the order of
lo2 - I@’. different seismic networks are designed to study earthquakes of
different magnitude ranges. For example, the World-Wide Standardized
Seismograph Network (Oliver and Murphy, 1971) is designed to study
earthquakes of magnitude between 5.5 and 7.5; regional networks (such as
the Southern California Seismic Network used by C. F. Richter to develop the local magnitude scale) are designed to study small and moderate
earthquakes ( 3 5 M < 6 ) ; and microearthquake networks are designed to
study micro- and ultra-microearthquakes ( M < 3). If an earthquake of
magnitude larger than the designed magnitude range of a network occurred within the network, instrumental saturation would not allow a
complete study of the seismograms, but the first P-arrival times and first
P-motion readings would permit precise locations and fault-plane solutions of the earthquakes.
1.I .4.

Development in South Africa

Earth tremors related to deep gold mining operations were first noticed
in the Witwatersrand region of South Africa in 1908 (Gane rt al., 1946). I n
1910 a 200-kg Wiechert horizontal seismograph was installed about 6.5 km
north of the mining area. The records showed that many more tremors
occurred than were felt. Later, it became apparent that the average
tremor intensity and rate of occurrence were increasing, along with the rate
of tonnage mined and the depth of mining.
In the late 1930s a group at the Bernard Price Institute of Geophysical
Research began a detailed study of these tremors. Although the tremors
were assumed to be related directly to the mining activity (an early example of man-made earthquakes), their exact location was the first question
to be answered. In 1939 five mechanical seismographs were constructed
and deployed in an array specifically to locate the tremors [Gane et ul.
(194611. They recognized that a frequency response up to 20 Hz and a
timing resolution of 0.1 sec or better would be necessary. By establishing
a seismic network for high-quality hypocenter determination, they
showed that the tremors were indeed originating from within the mining
area, and more specifically, from within those areas mined during the
preceding 10 years.
More detailed studies of a larger number of tremors, with greater timing
resolution, were needed. Gane et ul. (1949) described a six-station
radiotelemetry seismic network that they designed and applied to this
problem. At the central recording site there was a multichannel photographic recorder with an automatic trigger to start recording when an
earthquake was sensed. A 6-sec magnetic tape-loop delay line to preserve

