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SYMBOLS AND ABBREVIATIONS

Area of the ruptured surface.

P-wave propagation velocity.

The'damping of the L-4C geophone (Appéndix A},

The déhping o% the L-4C geophone without a shunt (Appendix A).
The total damping of the L-4C geophone (Appendix A}.

S-wave velocity.

The seismic wave prépagafion velocity.

Clark Hill Reservoir Area.

The ofder_of decay of amplitude with ihcreasing Frequenéy.

Decibel.

The deviation in the nth measurement.

.Energy density.

Energy radiated as seismic waves,

A term uéed in the éorrection factor F(e).

The corner frequency, which is also referred to as fp or fs
when referring to the P- or S-wave corner frequencies.

The correction for partial stress drop. |

Wave amplitude.

The spectral shape function. .

The Heaviside step function,
. o w 2
The integral | |G(E—)'w| dw.
0 o

Azimuth measured from the normal to the fault ﬁlane.



JRA Jocassee Reservoir Area.

k The constant of proportionality for the fc to r relation.
K The total number of measurements.

m Mass,

ML Local magnituae.

Mo Seismi¢c moment,

MTA Maryville, Tennessee, Area.

u Shear modulus.

N The correction factor for the conversion of waveforms.

i Pi.

Q The quality factor usedlin determining seismic amplitude attenu-

ation as a function of distance.

'Qp P-wave Q-value.

Qs S-wave Q-value.

r The effective fault radius.

R The hypocentral distance.

R, The coil resistance of the L-hC geophone.
R5 The shunt resistance. |

Rgi The radiation pattern correction.

o Mass density.

s Standard deviation.

SV Fractiona] standard deviation of a product.
o Effective stress. It is related to the amount of stress

available to produce rupfure and accelerate the sides of a fault.
Ao Effective stress drop. It is the amount of effective stréss
relaxed by the faulting pfocess. In the case of a complete

stress drop, the effective stress drop equals the effective stress.



Time in the near-field,
The driving shear force.

Time in the far-field.

‘Particle displacement.

Particle-velocity.

Particle acceleration.

Average fault displacement.

Maximum fault displacement.

Rupture velocity.

Azimuth measured in the plane of the fault.
Angular frequéncy.

Spectral amplitude (also feferred to as spectral
Distance along the X-axis.

A convolution used in the energy equations.

density).

Xi



Az imuth
Far-field

Fault

Origin

P-wave
Seismic pul se
Subsonic
S-wave

Transonic

xit

SELECT DEFINITIONS

The orientation of:the fault plane in three-dimensional
space,

Distances large wifh respect to the dimensions of the
ruptured area.

The immediate rupture zone.

The point of first rupture,

A longitudinal wave.

The energy envelope as recorded by seismiC'instruments.‘
Rupture velocity less than the S-wave velocity.
A transverse body wave.

Rupture velocity greater than the S-wave velocity.
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SUMMARY

Records of the vertical_componeﬁt of 93 microearthquékes are used
to calculate 165 body-wave dﬁsplacement spectra. These microearthquakes
were recorded on calibrated portable magnetic tape seismic recorders at
hypocentral distances of 0.7 km to 20.0 km while monitoring ground motions
near three epicentral areas. .The Clark Hill Reservoir area and the
Jocassee Reservoir area représent éeismically active regions of the
Piedmont Frovince with the former area spectra representing shallow focus
microearthquakes occurring in the epicentral area of the M = 4.8 earth-
quake of August 2, 1974 and the latter area spectra representing micro-
earthquakes probably triggered by reservoir impounding. Microearthquakes
recorded during the immediate aftershock sequence of the ML = 4.6 earth-
quake of November 30, 1973, which occurred near Mafyville, Tennessee,
are used to represent microearthquakes possibly occurring in the sedimen-
tary rocks of the folded Appalachian Mountains. The displacement spectra
are interpreted in terms of distinct properties by comparison to curves
derived from theoretical considerations of source models. Displacement
spectra of the Clark Hill Reservoir area and the Jocassee Reservoir area

3

typically show an w - ampiitude decay at high frequencies; sharp, well

defined spectral corners often at frequencies greater than 100 Hz; and
P-wave spectral corner frequencies higher than corresponding S-wave spec-
tral corner frequencies. The Maryville, Tennessee, area specfra typically

m-2.5

show an wnz‘to amplitude decay at high frequencies, rounded spectral



corners, and S-wave spectral corner frequencies higher than P-wave
spectral corner frequencies. Thé Clark Hilt Reservoir area and the
Jocassee Reservoir area spectra show properties which suggest a transcnic
model (i.e. effective rupture velocity greater than the S-wave velocity)
- while the properties of the Maryville, Tennessee, area spectra are best
described by a subsonic model. Values of the effective‘fault displace-
ment, the effective fault radius, thé effective stress drop, the seismic
energy, and a local hagnitude afé also calculated. Quality factors of
Qp==500‘and Qs = 250 are determined for the Clafk.Hill Reservoir area
by applying the spectral ratio method to local quarry explosion spectra.
Errors and uncertainties in the displacement spectra are related to the
choice of the portion of the seismic trace digitized and to the response

of the instruments used.



CHAPTER |
JNTRODUCTI ON

Although the study of large earthquakes is an ancient science, the
study of microearthquakes (ML < 3) is a relatively new science which began
only after the development of portable seismagraphs capablé of being
placed close to an earthguake epicenter. The most common instrument
used.during closé-in fieid monitoring of earthquakes is a portable,
helical-recording, smoked-paper seismograph. However, this instrument
does not lend itself to a sbectral analysis of the data because the trace
is typicélly operated with a drum speed of 10- to 120-mm/min which is too
slow a recording rate to resolve the high frequencies éndountered with
southeastern United States microearthquakes. The computation of micro-
earthquake displacement spectra became practical only after the develop-
ment of portable magnetic-tape seismic recorderg.capable of recording
frequencies in the seismic band. Microearthquake data, recorded on
magnetic-tape seismic recorders, has been available at Georgia Tech since

1973.

&

The theory of seismic displacement spectra received only slight
attention uptil the 1960's when technological advances made the applica-
tion of the theory more practical.. Bécause of the extreme complexity of
the analytica] so]ution to the three dimensional dynamic case, theoreti-
cians were effectivelylforced to base their models on a.greatly simplified

two dimensiconal case, which greatly restricted the applicability of the



theories. However, developments in computer technology wfthin the last
decade now make possible the study of three-dimensional models by use of
numerical methods. As a result, the last couple of years have witnessed
a veritable flood of new spectral theories and studies. Thus, a need
exists to review recent theoretical developments and to apply these new:
methods to the microearthqhakes which occur in the southeastern United
States for the purpose of determining information on the processes that
céuse earthquakes. This study uses microearthquakes because they are
much more common than are larger earthquakes,

The objective of this thesls is to calculate and catalogue body-
wave displacement spectra (both P- and S-wave) for the microearthquakes
recorded in the Southeést, to review recent theoretical deve]ophents, and
to discuss implications of the observed spectral data in terms of the
theory presented. This study is significant because it is the first
attempt at a major spectral study of the microearthguakes which occur in

the southeastern United States.



CHAPTER ||
DATA REGIONS

The three data regions for this study are the Clark Hill Reservoir
area (CHRA), the Jocassee Reservoir area (JRA), and the Maryville,

Tennessee, area (MTA) (Figure 1).

Thé C]ark Hill Reservoir Area

The epicentral area of the ML = 4,8 earthquake of August 2, 1974, in
the CHRA comprises the first data region of this study (Figure 2). The
epicenter is located in the nortHérn portion of the Clark Hill Reservoir
area. The reservoir is located along the Georgia-South Carolina border on
the Savannah River south of the Harfwell Reservoir an& approximately 50
kilometers north of August, Georgia. The definitive study of the after-
shock sequence of the August 2, 1974, earthquake was prepared Ey Bridges
{1975). Careful attention has since been paid to the activity of the
region in general and to the epicentral area in particular. The CHRA is
located in the Piedmont Province, A petrographic study of a portion of
the area has been prepared by Paris {1976). A geoiogic-geophysical study
of the area was prepared by Denman (1974), and a geologic-geophysical study
of the immediate epicentral area has been prepared by Scheffler {(1976).

The microearthquake data obtained from this region are impqrtant because
they provide information on microearthquakes which occur in the crystal-
line rocks of the Southeast. The data for the displacement spectra were

obtained during numerous monitoring sessions of the area.
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The Jocassee Reservoir Area

The JRA comprises the second data region of this study (Figure 3}.
.The reservoir is located in northwestern South Cardlina on the Keowee
River near the South Caroliné-North Carolina border. The dam is con-
structed on the Henderson granite gneiss southeast of the Brevard Zone.
The majority of the microearthquakes are centered near the deepest portion
of the reservoir which has a dépth of 125 meters. The Eeservoir was filled
during the winter of 1974-1975, Hicroearthquakermonitoring began in
November, 1975. Law Engineeriﬁg Testing Company {in conjunction with the
University of South Carolina) was contracted by Duke Power Company to pro-
vide continuous close-in moniteoring of the area from December, 1975 to
July, 1976. Georgia Tech provided additional monitoring on three occa-
sions for the purpose of obtaining data for the calculation of'displacemént
spectra. The data obtained from this region are an important addition to
the study because the earthquakes are probably induced by reservoir

impounding (Fogle et al., 1976).

The Maryville, Tennessee Area

_ Thé MTA (Figure 4) is located approximately 25 kilometers south

of Knoxvillé, Tennessee, and is the epicentral area of the ML = 4.6 earth-
quake of November 30, 1973 (Bollinger et al., 1976). A period of approxi-
mately 36 hours of close-in aftershock monitoring was provided by an expe-
dition from Georgia Tech. The epicentral area is located in the Valley

and Ridge Province. The predominant surface rocks of the area are dolo-
miteg, limestones, and clay shaies. The region includes numerous Paleozoic
thrust faults which strike northeast. The MTA data set is important to

this study because it provides information about micfoearthquakes which
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may have occurred in the sedimentary rocks which overlie the crystalline

basement rocks,
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CHAPTER 111
INSTRUMENTAT [ ON

This study‘was possible only because fnsfrumentation capable of
rescolving seismic spectra were available. The instruments were designed
and constructed at the School of Geophysical Sciences at Georgia Institute
of Technology. The instrumentaticon used for spectral Stddies consists of

,a portable, magnetic tape, seismic recorder for field operations and a
playback system for laboratory operations. The instrumentation and the

calibration process are discussed in this chapter,

Field Instrumentaticn

The portable, ﬁagnetic tape, seismic recorder system is composéd
of a tape deck, a geophone-amplifier system, a WWV radio receiver, and a
signal mixing and filtering unit (Figure 5}. The tape deck is a Sony
mode | TQ~8008 reel-to-reel recorder which has been modified to operate
from an external twelve volt battery. To maximize the duration of.
recording, the unit is operated at 15/16 ips with 0.25 mil magnetic tape.
This combination allows approximately eight hours of continuous recording
between record changes. The geophone is a 15 Hertz_exploration'geophoné
which has been modified by the installation of a X1000-gain amplifier
inside the geophone case. The seismic signal, which contains vefy
little or no information above 500 Hertz, is recorded without filtering.
The WWV radio signal provides second and minute pulises which are returned

with sufficient volume to allow the determination of the exact time. The
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radio signal is filtered to remove frequencies below 500 Hertz. Conse-
quently, the seismic and- WWV signals can be mixed without significant

interference on. a single channel.

Laboratory Instrumentation

The léboratdry playback system consists of a tape deck from one of
the field units,_a signal ‘separator, a high-speed stripchart recorder, a
smoked paper helical monitor recorder, and a second calibrated tape unit
(Figure 6). The tape deck is used to play tapes through the sign31 sepa-
rator system. The signal separator recreates the seismic signal and
decodes the WWV signal into second and minute pulses. An option for a
mixed output which sﬁperimposes the decoded WWV'signal onto the seismic
signal has been built into the system. The high-speed strip-chart recorder
has a maximum paper speed of 125 mm/sec. A second calibrated tape deck is
used to record filtered events onto a catalogue tape for futﬁre reference.

Examples of stripcharts are presented in Appendix I.

Calibration of the Total System

For purposes of calibration, the total system is grouped into the
following subsystems:
a) the geophone-amplifier subsystem.
b) the portable tape deck subsystem.
1) recording response (includes the S|gnal mixer unit)
2) playback response
c} the signal separator stripchart recorder subsystem,
The response of each subsystem is determined independently. A suspended
platform is used to calibrate the geophone-amplifier subsystem, the

response of which js presented in Figure 7. The tape recorder subsystem

is adjusted to unit calibration, which means that the output voltage equals
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the input voltage at 100 Hertz. The response of this subsystem is shown
in Figure 8. Figure 9 presents the response of the signal separator-
stripchart recorder subsystem. The combination of the subsystem response
curves gives the particle velocity response for the total system {Figure
10). The particle displacement amplitude response curve (Figure 11) for
the total system is, de facto, obtained Ey multiplying the velocity
response curve by the angular frequencies. This description has over-
simplified the re]atiﬁnship between a velocity response and a displacement
response. Additional subsystem response curves, as well as a detailed
accounting of the:calibration procedure,.are presented in Appendix A. An

error analysis of the process is given in Appendix C.
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CHAPTER IV

PROCEDURE

Field Procedure

An optimum array used in.obtaining microearthquake data involved
the deploying of three tape units in a three station ¢lose-in array and
smoked paper units in a larger array which enclosed the tape units (Figure
12}. The smoked paper units served as monitors for the tape units as well
as providing a means of improving the locations of epicenters. Only
data obtained from thé magnetic tape units chld be used for spectral
studies. Field expeditions were typically for periods of three to five
days. A telemetry system installed in the CHRA seryed as a monitor of
the activity level. A period of relatively high activity was sufficient
incentive to justify a field monitoring session; as was news of the ini-
tiation of activity at the Jocassee Reservoir. A monitoring session was
terminated when the field technicfan decided that the seismic activity had
fallen below a profitable level as determined by examination of the smoked

paper monitors. Results of field trips are presented in Appendix F.

Laboratory Procedure

The purpose of the laboratory procedure is to transcribe the data
cnto a visible record and to preserve the data in a format that will be
useful in the future. |In order to search for seismic events, the magnetic
tapes are played through the playback system and the seismic data recorded

on a helical smoked paper recorder. When an event is found,
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the event is replayed onto a two-channel high-speed stripchart recorder.
At the same time that the event is played onto the strip chart recorder,
one may also play the event onto another tape recorder for later reference
and analysis. All events from an expedition are played bnto cne tape

and catalogued as to their location on the tape by the tape footage.

The data are digitized to facilitate the computation of displace-
ment spectra. The Fourier integral transformation assumes that the
function is continuous and infinitely periodic. However, because a seismic
wave.trace is digitized at a finite interval, frequencies higher than
the Nyquist frequency will introduce lower frequencies into the spectrum
if they have sufficient amplitude. This is called aliasing. To mini-
mize aliasing, the digitizing interval is chosen sufficiently small such
that the trace is éffectively continuous. The portion of the wavé trace
digitized is chosen as nearly periodic as possible in order to avoid the
presence of a step function when the trace is repeated with itself during
the Fourier transformation. The wave trace is digitized by measuring
amplitudes at equal time intervals. However, the time interval chosen
varies from one waveform to the next depending upon the point spacing
required to resolve both the highest frequency and all the peaks. An
alternative method is to measure amplitudes at unequal time intervals
and interpolate by using a linear or cosine function between points. In
either case, amplitude and time are measured in convenient units and are
corrected to units of millimeters and seconds during the spectral calcu-
lation.‘ For this thesis, waveforms were always digitized with at least
five points per wavelength, Nine points per wavelength were used whenever

resolution required. The Nyquist {or folding) frequency is the maximum
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frequency resolvable and is defined as being one-half the digitizing
rate (Kanasewich, 1975). This study used a maximum digitizing rate of
2940 cougts per second, which gives a Nyquist frequency of 1470 Hertz
and a frequency of 368 Hertz for the case of nine points per wavelength,
indicating thét the resolution available is more than sufficient. The
digitized data are stored in the form of punched cards for future use.
Thus, the data are preserved in three forms: magnetic tape, stripchart

trace, and punched cards.
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CHAPTER V¥
RESULTS

Calculation of the Spectra

Earth motion during an earthquake is a transient phenomenon which
can contain energy at alj.Frequenciés. The information contained in the
wave trace can be presented in many formats. The format chosen for this
study is a plot of log-displacement amplitude versus log-frequency. A
seismogram trace is prepared for the calculation of a displacement spec-
trum by fitting a least squares best-fit straight ]ine.to the digitized
data. This line defines a base line which is subtracted from the value
of the amplitude of each point. The magnitude of each residual is Fourigr
transformed into the frequency domain and Corrected for the displacement
_reSponse of the total system. Amplitude in the time domain has units of
millimetérs, which when transformed, becomes spectral amplitude (also

referred to as spectral density) with units of mm-sec.

Presentation of the Spectra

The spectra presented in this study have been calculated from
microearthquake data recorded on calibrated instrumentation and are limited
only by the errors related to the digitizing process (e.g. noise, trunca-
tion, etc.) and errors in the corrections applied to the original data
(e.g. instrument response and base line fit). In each case, as much of
the phase (P or S) was digitized as was reasonably possible to avoid loss

of information. The spectra are presented independent of interpretation,
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because once interpretaticn 'is applied to the data, they are no longer
free from possible bias and misintérpretation. For ease of comparison,
identification information and a reconstructed wave trace of the digi-
tized data used to calculate the spectrum are included with each plot,
Ergo, the displacement spectra are presented as the principal results of
this study. A representative sample of the displacement spectral plots
are presented in the main text (Figures 13-20) with the majority of the

spectra being presented in Appendix G.



25

HUM 12/12/75 D2x13x28 @

I i SECONDS )
u‘-OU uI-Bni U-LDB G|'!" ‘]l-!ﬁ DI-E.’EI
HZ
= a =
U. - { L M 1 T ]
k
[
18]
ﬂ"-—
=
pe -30
[Fa =
a |
o]
al
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Figure 15. The P-wave Spectfum of a Relatively Large CARA
Microearthquake. (This is number 150 of Table 1.)
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The S-wave Spectrum of & Relatively Large CHRA
Microearthquake. (This is number 151 of Table 1.)
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Figure 17. A Typical JRA P-wave Spectrum. (This is number. 11
of Table 1.)
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Figure 19. P-wave Spectrum of a MTA Microearthquake. ({The
title gives the location and tape footage.)
{This is number 165 of Table 1.)
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CHAPTER VI
THEORY

Quaiitative Analysis of Models

Displacement spectra are usually interpreted by comparison to
spectra calculated from theoretical models which attempt to reproduce the
important processes that occur during an earthquake. Mdst models of the
seismic source are based on the concept of relaxation of stress. These
models are usually developed in terms of either a tangential shear dis-
location (Brune, 1970) or a change within a volume [e.g. volume changes,
Randall (1964); phase transitions, Randall (1966); etc.]. The seismic
source is assumed to be embedded in an infinite; homogeneous, isotropic,
perfectly elastfc medium. Tangential shear dislocation models are
developed from assumptions concerning the shape of the rupture area, the
rupture velocity, the durétion of slip, the slip-time function, the effec-
tive stress drop, and the azimuth. Three types of solutions to the tan-
gential shear dislocation are: the‘static solution (e.g. Keilis-Borok,
1959, 1960); the kinematic solution (e.g. Haskell, 1964; Savage, 1965,
1966, 1972, 1974); and the dynamic soldfion (e.g. Brune, 1970; Madariaga,
1976). -The analytical solution to the static model is presented by
Keilis-ﬁorok (1959; 1960). The static solutioﬁ uses a rupture velocity
of zero and gives results which must show reasonable agreemenf with the
kinematic and dynamic models when the long period limit is envoked. The

kinematic case considers the effects of a reglistic rupture velocity but
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does not concern itself with the transient aspects of fault plane stress.
The dynamic sclution relates the forces acting on the fault to the
transient properties of the mechanics of faulting. Of the three solu-
tions, the dynamic case is the most desirable; however{ the mathematical
combutation of the three dimensicnal case is so unwieldyrthaf a complete
analytical solution has not yet been presented. Perhaps the most
physically realistic dynamic solution presented thus far is given by
Burridge and Halliday (1971), but it is.strictly limited to two dimen-
sions. Fortunately, computer capabilities have advanced .to the point that
three dimensional models. can be conside?ed by using numerical methods (e.g.
Hadariaga, 1976; Molnar et al., 1973).

The rupture velocity plays an important role in determining proper-
ties of the displacement spectra. The rupture velocity is the velocity
at which the rupture front propagates, Vr’ and is not to be confused with
the particle velocity, U. Rupture velocity may vary from zero in the
static case ;o the P-wave velocity for the case of slip occurring along a
pre-existing fault lacking cohesion (Burridge and Levy, 1974). ‘Laboratory
experiments {e.g. Mogi, 1973) demonstrate that a real crack propagating
in a previously unfractured rock will propagate at a velocity no greater
than the Rayleigh wave velocity which is 0.9 times the S-wave velocity.
This velocity cannot be exceeded because that would require that propaga-
tion of the crack tip be an energy producing process (Fossum and Freund,
1975). Burridge and Levy (1974) demonstrate that the total stress acting
during fupture is 5.357 times To’ whére T0 is the driving shear force.
Thus, in order for the rupture velocity to be limited to the S-wave

velocity, the static friction must be at least 5.357 times TO. However,
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if cohesion is absent, rupture can propagate at the P-wave velocity
(Burridge and Levy, 1974). These conditions suggest defining rupture
velocities less than the S-wave velocity as being subsonic aﬁd rupture
velocities.greater than fhe S-wave velocity as being transonic. A
subsonic model corresponds to fracture in previously unfractured rock
and to slip on faults showing sufficient friction. A transonic model
corresponds to slippage along pre-existing faults with slight cohesion.
Under certain conditions, a subsonic rupture can produce a spectrum
characteristic of a transonic rupture. 1f all points along the fault
surface radiate as a unit, then one ohserves an effective transonic rup-
ture {Molnar et al., 1973} independently of the actual rupture velocity.
The fofm in which this concept is used by Brune (1970-71) defies causality
by requiring an instantaneous aphlication of stress at all points along
the fault surface. This requires that the particle velocity behaves as
a step function in time, which requires an infinite particle accelera-
tion (i.e. a "'spike' or Delta function} at the instant that the stress
pulse is applied uniformally over the surface. Even so, this extreme
case is useful in a theoretiéal analysis because, although the accelera-
tion goes to infinity, the forces acting remain finite as a re;ult of the
mass being zero in the limit {Brune, 1970). To justify using this theory,
one must describe.a physical case that is equivalent} The explanation is
simply that most of a fault surface radiates sfmultaneously (Molnar et al.,
1973) which is possible if the center continues to radiate at least until
the edges begin radiating and the total duration of radiation is small

with respect to the fault dimensions.
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One of the distinctive properties of a displacement spectrum is the
presence of spectral corners. A spectral corner occurs in a spectrum
whenever a finite quantity in the time domair is transformed into the
frequency domain. A working definition of a spectral corner is the
transition point between two amplitude decay trends. Standard practice
is to locate the corner at the intersection of best-fit lines asymp-
totically fitted to the decay trends. The frequency corresponding to the
point of intersection is referred to as the corner frequency (Figure 20).
Two spectral corners dominate the spectral analysis of earthquakes. Spec-
tral corners may be explained in terms of characteristic phases (SavagéL
1965, 1966A) and/or destructive interference patterns (Molpar et al.,
1973).

Characteristic phases exist because a changing rupture velocity
produces an energy content different from that of a constant rupture

‘velbcity. All of the models considered assume rupture velocity to be con-
stant at all times except during initiation and termination of rupture.
Thus, a characteristic phase produces an anomalous portibn in a seismo-
gram which is associated with either the initiation or termination of
rupture. Constant velocity models can be generalized to a variable velocity
but improvement in the results is not enough to justify the extraleffort.
Characteristic phases associated with the initiation of rupture are
determined by the rise-time function and the type of nucleation. Savage
{1972) notes that these two properties are essentially independent of
each other and that a function containing both terms can be formed by a

convolution in the time domain. One expects slippage to occur as a linear
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function of time,tl, because a linear discontinuity corresponds to a
finite change in the particle velocity (Randall, 1973B). The dimen-
sions of a fault that nucleates at a point should initially increase as
a tI discontinuity in time (Savage, 1966A). Consequently, the initia-
tion of rupture is normally expected to occur as a quadratic discontinﬁ-
ity which transforms into an inverse cubic decay of amplitude with
increasing frequency. The corner frequency corresponding to the inverse
of the duration of the rise-time fpnction is designated as F2 (Figure
20). Characteristic phases associated with the termination of rupture
are referred to as stopping phases and are produced by deceleration of
the rupture edge (Savage, 1965, 1966A). The stopping phases are a meas-
ure of the far-field seismic pulse. The far-field seismic pulse is the
duration between the time that the'first point begins‘to radiate and the
time that the last point ceases to radiate as meaﬁured in the far-field
(Figure 21). The far-field seismic pulse is related to the dimensions
of the fault rupture zone and is expressed as the seismic moment divided
by the shear modulus, Molu, which can predict all of the time properties
of the far-field seismic trace (Madériaga, 1976} .

The most realistic models are those that ;onsidef rupture to ini-
tiate at a point and spread radialfy. The center point continues to
radiate until the stopping phases from the edges reach it. In this model
the center of the fault slips more and radiates longer than any other
point. The corner frequenc&, f], (Figure 20) corresponding to the far-
field‘seismic pulse does not necessarily equal the inverse of the duration
of radiation. Rather, the duration of the interval between arrivals of

stopping phases is measured (Figure 21). The inverse of the time interval
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between the arrival of the stopping phaSe.from the nearest edge and the
arrival of the stopping phase from the most distant edge gives the fre-
quency at which this spectral corner will occur. The f] corner frequency
can be used to determine the effective fault radius. For microearth-
quakes the effective fault radius ié assumed to be equal to the actual
rupture zone radius. Thus, the two dom}nant spectral corners are related
to the rise time function (fz) and to the fault dimensions (F‘). The F]
corner frequency is also a function of the azimuth and rupture velocity.
Azimuth, 6, is defined as.being measured from the normal to the fault plane
using polar coordinates (R, 6, ¢) with the origin centered at the point of
‘initial rupture {(Figure 22). (The angle of wave incideqce at the record-
ing site is sometimes referred to as azimuth; but not in this paper.)
Azimuth is used strictly to refer to the orientation of the fault plane-
in three dimensional space. The far-field effects are independent of the .
angle ¢ and depend only upon the angle 8 (Savage, 1966A; Burridge, 1975).
The time interval between recorded stopping phases is a function of the
wave propagation velocity and the apparent distance between radiation
points (Figure 21). |If the observer is located at 6 = 0 degrees, the
stopping phases from opposite edges will travel equal distances giving

a recorded duration)of zero time which suggests an infinite frequency for
f] (i.e. fault radius equals zero). |f the observer is located at 6 = 90
degrees, the distances thaf the two stopping phases travel differ by an
amount equal to the fault length., At intermediate azimuths, Tntermediate
apparent fault lengths are measured. This suggests that as azimuth

decreases, corner frequencies move toward larger values. |f both P- and
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$-waves are radiated by the same fault dihensions, then the difference
~in distances travelled by eaéh will be equal, but because the P-wave
propidgates faster than the S-wave, the time interval between arrivals of
P-wave stopping phases will be shorter than the interval between S-wave
stopping phases. The measured P-wave seismic¢ pulse will be narrower than
the S-wave seismic pulse, Therefore, the P-wave corner frequency should
be higher than the S5-wave corner frequency.

The discussion thus far suggests that the ratio of the P-wave corner:
frequency to the S-wave corner frequency, fp/fs, is greater than or equal
to unity for all azimuths-and that the corner frequency increases without
bound as azimuth approaches zero. Both of these ideas produce results
that are oniy approximate. Rupture velocity and interference effects

modify the results. MoThar, et al. (1973) present a similar model and

find that there is an upper limit to the frequency at which the corners may
occur, because, in reality, the source is not a point, and the waves are
modified by interference. These properties combine‘to restrict the range
over which the corner frequencies may vary. Even so, the general state-
ment that corner frequencies increase with decreasing azimuth should

remain valid. The value of the ratio of corner frequencies will also be
affected by the azimuth. The phenomenon is partly attributable to radia-
tion patterns. A seismic source focuses P- and S-wave energies in dif-
ferent directions with S-waves being focused towards small azimuths and
P-wave energies being focused towards large azimuths (Figure 23). Focusing
suggests that P-waves radiated at small azimuths are of lower frequencies

than P-waves radiated at large azimuths and vice versa for S-waves.

Therefore, the ratio fp/fS should be less than unity for small azimuths
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and greater thén unity for larger azimuths. A dynamic model presented

by Madariaga (1976) shows fp/fS to be greater than unity for approxi-
mately 70% of the focal sphere in the transonic case (Figure 24). The

" model of Dahlen (1974) predicts fatios less than unity for all azimuths
for subsonic rupture. However, Burridae (1975) shows that by extending
the model of Dahlen {1974) to transonic rupture velocities one observes
fp/fs to be greater than unity for 70% of the focal sphere. The Madariaga
{1976) model finds fp/F5 to be greater than unfty even in the subsonic
case and demonstrates that the actual value of the ratio will vary if sub-
‘sonic rupture velocities are used, Therefore, the value of the ratio of
cornér frequencies appears to be a function of both azimuth and rupture
velocity.

Certain properties must be present in a displacement spectruh if
the seismic source results in the relaxation of stress {(Randall, 1973A;
Archambeau, 1968). The properties are that a spectrum must show a maximum
amplitude at zero frequency and must decrease in amplitude with increas-
ing frequency so as to conserve energy. A better intuitive feel for
these properties can be attained by considering the sequence of processes
that occur during an earthquake. This is done by reading a spectrum as a
function of time rather than of frequency. A spectrum (e.g. Figure 13)
can be read as chronological history of eﬁgnts by reading from right to
left and noting that high frequency corresponds to small values of time
and low frequency corresponds to large values of time. Rubture begins at
time t = 0. Displacement increases with timé. The more rapidly rupture
occurs, the steeper the spectral slope will be, because the maximum

displacement will be attained quicker. The spectral corner, fc’ corresponds
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to the termination -of displacement. Displacement is now constant for
all time which shows as a line of slope zero in the spectrum, Having
considgred a spectrum as a chronological sequence of eveﬁts, one can now
return to thelqna]ysis according to frequency content.

The rate of amplitude decay at high frequencies is related to
the highest order discontiﬁuity in the time domain {(White, 1965). The
asymptotic behavior of the displacement spectrum is related to singulari-

ties in the time function of the form {from Lighthill, 1958)

ult) ~ |t - tol“’" (1)

which transforms into a term proportional to Y, where w is angular
frequency. A condition that must be met is that the total energy must
remain finite. This condition requires that y rmust be greater thén 1.5
{Hanks and Wyss, 1972). Therefore, the high frequency trend must decay

1.5

faster than w The low frequency trend is considered to be propor-
tional to v = 0. The trend is w° because (i) rupture nucleates at a point
and (ii) at distances and wavelengths large with respect to the fault
dimensions, the fault will appear to be a point source. Point source
radiation is described in terms of a Dirac delta function (White, 1965).

A Dirac delta is a function composed equally of all frequencies; there-~
fore, a spectrum of a Dirac de]ta is a line of constant amplitude (i.e. w?).
‘The trend in spectral amplitude decay between.the low and high fregquency
trends is the intermediate trend. The intermediate trend is bounded on
the low frequency end by f] and by f2 on the high frequency end. The

intermediate trend, like the fp/fs ratio, has been the topic of consider-

able debate in the literature. An explanation by Aki (1967} suggests that
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the presence of the intermediate trend is evidence for a long narrow
fault and the absence of the trend indicates an ‘equidimensicnal fault.
However, Madariaga (1976) finds this trend present even for é circular
model. Brune {1970, 1971} relates this trend to partial stress drop.
Madariaga (1976) relates this trend to the energy while Savage (1972,‘
1974) relates it to the.slip function. The Savage kinematic models can
be explained by the Brune or Madariaga models because they treat the
dynamics that contrel the slip function. The Brune (1970, 1971} model
describes the.speCtra as being a constaTt spectral amplitude determined
by the stress, source dimensions, et¢c. multiplied by a spettral shape
function (also see Randall, 19738). The Brune {1970, 1971) shape func-

tion is assumed to be

6lo) = w 2 (1 -9y (2)

such that the high frequency trend is pToportional to an inverse square
of angular frequency. The spectral amplitude is also multiplied by a

term which has the effect of causing the spectral shape function to decay
as m-] far a time before going into the high frequency trendlif the fauit
has experiehced premature termination oﬁ slip (i.e. partial effective
stress drop). Effective stress drop refers to the stress availablé to
produce slip and is not to be confused with the total stress in the rocks
or even the total stress drop which includes energy released as fric-

tional heat. This model requires that the f. corner be measured between

1
the low- and high-frequency trends whicﬁ locates f1 approximately in the

middle of the "“intermediate' trend. An alternative explanation is
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presented by Madariaga (1976). Madariaga (1976) treats a subsonic
dynamic model and finds three dominant slopes and assigns the following
explanation:

1} Low frequency trend.

This portion behaves as w® because the source appears
to be a point source. This trend is controlled by the
seismic moment,

2) Intermediate frequency trend.

This trend involves a number of decay rates between
w'l.S and w-Z.O which vary with azimuth. This trend is
related to the far-field seismic pulse and is control led
by the energy. The élope seems to be related to the
order of diécontinuity of the stopping phases.

3) High frequency trend.

This trend is related to the highest order time discon-
finuity in the seismic pulse and is often obscured by
radiation from irregularities in the fault. The slope
is typically w_2'5 to m-3'0.

Earlier the statement was made that earthguakes can be modeled as
either-tangential shear dislocations 0} as a change within a volume,
After making this statement the discussion very conveniently ignored
volume models. The reason is that thé spectral shapes are equivélent.
Both a volume source model and a shear dislocation source model can

explain the observed spectra. HoweVer, the discussion has been presented

in terms of a tangential shear model because intuitively the shear model
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is a more realistic model for shallow focus microearthquakes.

Mathematical Formulation of a Model

Equations relating the source model to the displacement spectra
are presented.to help clarify the relation of model and source. The
presentation ie patterned after the work of Brune (1970,_1971) because
it gives a mathematical-intuitive solution. to a dynamic model epplicable
to a three,dimensienal analysis of spectrel data. Recall that a com-
e\etely analytic sclution has not yet been presented, and a discussion

of a numerical solution would not really help clarify relationships. The
near-field is defined as being at distances small with respect to the
fault dimensions and the far-field is defined as being at distances

large with respect to the fault dimensions (Brune, 1970, from Keilis-
Borok, 1960}. The recorded data are recorded in the far-field while the
seismic model gives informaticon in the near-field. The problem then is
to generalize the near-field to the far-field. The Brune (1970, 1971)
model relates the stress acting upon the fault to properties of the
rupture process by assuming a form of the initial time function for fhe

near-field given by

o(x,t) = oH(t - x/Vr) (3}
where
g = effective stress
Vr = velocity of stress pulse propagation.
Brune (1970) uses v.o=8 .
H(t) = Heaviside step function

=0 T <0 where 1 = t--x/Vr

1 T > 0
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The tangential displacement along the x-axis produced by the stress pulse

is related to the force acting by

o= u o (4)

The assumption is made that the ruptured‘5urface,wijl not transmit elas-
tic energy so that only one side of the fault need be investigated.

Assuming a unit fault width, the mass accelerated. in Figure 25 is given

by
Mass = 1:V _At-catep (5)
where
¢ = seismic wave propagation velocity
_ = if P-wave
B if S-wave
p = density

The shear stress is the force per unit area of the fault, given by

l'VrAt'cAt'p - 4

° = Y | (6)
r

Equation (6) gives the particle acceleration as

T a
U= pcht . (7)

Integrating gives the particle velocify and displacement

u=§; (8)

u=-L¢ (9)
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Notice that the rupture velocity divided out of equation (6). In reaiity,
the rupture velocity should still be present in eguations (6 - 9) because
the application of stress is a function of time related to the rupture
velocity. This suggests that equation {3) is greatly over-simplified.
Brune (1970} points out that equation (6) gives a S-wave particle velocity
of approximately 100 cm/sec for a stress drop of 100 bars. The maximum
shear wave particie veI;city recorded as of 1970 is 76 cm/sec recorded
during the Parkfield, California, earthquake by.a strong-motion seismograph
located nearly on the fault trace (Brune, 1970, from Housner and Trifunac,
1967). The value suggested is reasonable, allowing Brune (1970) to sug-
gest that 100 bars is an upper limit for stress drop in most earthquakes.
Randall (19733) states that the displacement spectrum is obtained

by a Fourier transform of the particle displacement function

Q(w) = fmU(t) e—iwt dt (10)

The near-field spectrum is given by equations (38) and (10) as

g . -iut
st(w) e di (11)

il
—
imd
®

The far-field spectrum is obtained from the near-field sbectrum by account-
ing for propagation effects. Spherical spreading of the wave front.will
cause amplitude to fall off as the inverse of the hypocentral distance.
Therefore, the term r/R, where r is fault radius and R is hypocentral dis-

tance, must be included. Diffraction effects due to the fault edges will
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produce the same observable effect in the far-field as a double couple
source {Brune, 1970, from Burridge and Knopoff, 1964). The constructive
and destructive'iﬁterference associated with diffféctfon aEe accounted

for by including a phase term which decays expcnentiaily as r/c (Brune,
1970, Molnar et al., 1973). The radiation pattern causes wave ampli-
tudes fo vary with azimuth, requiring a correction factor Rgz (Figure 23).
Yet another possibility is that one type of wave ehergy may be converted
into wave energy of another type (e.g. P-waves can be converted to S-waves

upon reflection). Energy loss is corrected for by a term which varies

from unity to zero such that

1 if no energy is lost
N = * (12)
0 if all energy is lost
Applying these propagation corrections to equation {9) gives the far-fieid
particle displacement as

-w T

Uit) = Rg: "N*r/R-o/pc-1'e ° (13)

where

' = &t~ R/c such that 1' behaves in the far-field exactly as

t behaves in the near-field.

Observed data would also include a correction for inelastic properties of
the medium, exp(%%%), but the assumption of perfect elasticity precludes
the use of this term in equation {13).

A Fourier transform of équation (13} gives the far-field spectrum
(equation 15). However, the Fourier transformation must be performed by

intuitive knowledge of the answer rather than by analytical methods to
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avoid the inclusion of coﬁplex terms into what must be. interpreted as a
real quantity. (Remember; the complete anaiytical dynamic soiution has
yet to be accomplisﬁed.) The succéss of this model is due to the fact

that Brune (1970, 1971} was able to intuit}vely define a shape function

which has the same general properties that the Fourier transformed term

should have. This function is

G(w/wo) = p) 2
w_ o+ w
“o
-2 2 2,7
= w, (1 + w™/u’) (14)
The far-field spectrum is then
P 2,, 51
st(w) = R8¢ N-r/R-a/pc W, (1+w /wo ) (15)
The short period limit of equation (15) is
. — pPS.y. et "2, -2
mllm st(w) R8¢ N-r/R-a/pc W, \m/mo) {16)
w——>m
o

which states ‘that the high frequency asymptote decays as the inverse
square of the angular frequency. The long period limit of equation (15}

is

. y = pPS.N- . .. ~2
lim st(w) ” N-r/R-a/pc W, (17)
9~..+0
W

o

which indicates that at low frequencies the amplitude of the spectrum is
constant.
A constant, e, is defined such that the spectrum is reduced to e

times the value for 100% effective stress drop. The case of fractional
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stress drop caused by premature stick is accounted for by Brune {1970)

by multiplying the spectrum by

. = 2 172
F{e) = {[2- 2e][1-cos(0.85 Efﬂ] + 7} . (18)
o

The function F(g) oscillates between € and 2-¢, with a mean value of

F(e) = 1.6 = 0.6¢ | (19)
The spectrum now becomes
2 (0) = Bgi “N-r/R-o/pc-F(e) Glu/u_) (20)

The effect of a frattional stress drop is to produce an intermediate
trend (discussed in Brune, 1970, page 5006). The far-field spectrum of
a double couple source for the static case is given by Hanks and Wyss,

(1972) as

' - oPS. .. . 3,1
nps(o) = Be¢ M {(4tmp R ¢”) (21)

where MO is the seismic moment.
Recalling that the long period limit should agree with the static solution
gives, using equations (21) and (20),

2

w
o o
2

bproc“F(e)

M

N = (22)
For earthquakes which rupture the surface, the seismic moment is deter-
mined from field observations by measuring the fault length and the

displacement and using {from Brune, 1970)



55

where a Poisson solid is assumed

and

A = area (24)
2
= Tr
Ua = average fault displacement (25)
= 2/3 Ud max

= g/u-r-16/77

Equation (23) when rewritten to include equations (24) and (25) becomes

(Brune, 1970-71)

M = lg or | (26)

Combining equations (22) and {(26) gives

N = 1/F(e) (4/77) (v u_sc)” (27)

Because of the extremely short propagation distances of events used in this

thesis, the conversion factor, N, can be set to unity., Assuming complete

effective étress drop (i.e. Fle) = 1), equation (27) becomes
wg = (7m/) 2 (c/r) (28)
= 2.34(c/r)

which happens to be the form used by.Hanks and Wyss (1972).

A more general form is



56

f = (29)

k ¢
¢ 2T r
This is the reiatibn which aliowé the determination:of thleault dimen-
sions from the spectrél corner frequency; fc. Eqﬁation (29) is a good
approximation and has been usedlegten51vely.1n fhe literature,

Recalling an earlier discussion of the Savage (1972) kinematic

model, one finds that a convolution can be used to write equation (14} as

G(w/wo) = _mc:3 (r+ w3/u-03)_] ) (30)

Equation (30) could be substituted for equation (14) and the analysis
should expiain an inverse cubic decay. Likewise, the relation (29) which
suggests values of fp/fS = 1.7 for an average azimuth would be changed to
fp/fs = 1.4 for an average azimuth, closer to the value found.by Madariaga
(1976) by numerical analysis. Equation (15) can be expressed in tefms of
the seismic moment by using equation (26) as (see Randail, 1973B)

RPS M

86 o
0 (w) = -t —— -Glw/w ) (31)
ps bnRp c3 ©

or

2 (w)
M o= —P2 . hRp 3 - (32)

o ps
R6¢ G(m/mo)

Magni tude
Magnitudé is a number assigned to an earthquake to facilitate sta-
tistical analysis of earthquakes. Magnitude estimation is at best only

approximate because an earthquake involves a number of variables (seismic
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energy, fault dimensions, etc.). Seisafc mément appears to be an excel-
lent candidate for use in a magnitude relation because. it is a function
of fault displacement, éeismic energy, aﬁd the fault dimensions. A
relation is developed.by McGérr (1976) to relate loéal magnitude, ML,
fo the seismic moment for microearthquakes, ~0.4 f_ML < 2.9, recorded

near Denver, Colorédo. The relation is
log o M, = 1.7 M+ 15.1 : (33)

Equations of the same form as equation (33) btut with different constants
are used by Thatcher and Hanks (1972) and Wyss and Brune (1968) to
describe larger earthquakes in other regions. The seismic moment is cal-
culated directly from a spectrum by using equation (32). Therefore, equa-
tion (33) can be used to calculate an abproximate value of local magnitude
directly from the spectra presented in this thesis. The value will be

only approximate because M, applies strictly to southern California where

L
it was developed and because the data set presently available for the data
regions studied is ipsufficient to allow an adjustment of the constants of

proportionality.

Seismic Energy

The potential energy which is stored in rocks in the form of strain
is converted during the ruptufe process into energy in the form of fric-
tion and elastic waves. The energy usedlin overcoming friction cannot be
determined from the seismic trace; however, elastic wave energy can be
determined from the seismic¢ trace because the ground motion at the seismic

station is similar to a harmonic oscillator. The energy of a harmonic



oscillator is given by Marion (1970) as

. 2 .2
ER = 1/2 muw~ h

where m = mass accelerated

I

w = angular frequency

h

amplitude
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(34)

Similarly, the seismic wave enéfg§ is calculated by applying Parsaval's

theorem which is given by Kanasewich {1375} as

where E = energy density

y (w)

o a convolution such that yo(w) = st(m)'w_

Fquations (31) and (35) suggest

2
2 _ps 3 .
M- R w @
£ = (ocR?) —2 §¢2 s |G(§ia-m|2 du
2(27) Rp ¢ 0 o

(35)

(36)

where pch is the mass term needed toc convert energy density into total

energy, andc%? arises from integration of the long period limit.

Equation (36) may be rewritten as

ps2 2
| E, = Tog  To £3 .1
R 2 c
pe

where Randall {1973B) describes 1 as

I= é |G(w/w0) Cw

|2 dw

(37)
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and Hanks and Wyss (1972) evaluate as

where Y = order of high frequé;;y decay trend.

Both definitfons of T are equivalent. Equation (37)Aexpresses the total
energy radiated in the form of éifher P-waves or.S-waves.‘ For the case
of an inverse cubft decay one finds I = 0.67 which suggests that energy

is given as

2
1 _ps Mo 3 4
ER = ERB(P ';-C—g * fC 0.67 ( 0)

The ratio of the average P-wave energy to the average S-wave energy is

ot ) 3
E <R > M 5 If
R8s _ (o} (& [ (41)
Es 2 Ms f
R <HZ¢> o] s
Assuming a Poisson solid, the proper scaling between Rg¢ and R3¢ should
S o P . .
be 2 = (%) R, . which suggests that equation {31) shows
B¢ 3 8¢
P o (o)
o . P (42)
Ms Qsin
o

Assuming that Mz = MZ, then equations (29) and {41) give

2
P RP
R _ B¢ B, 2
e —— (EJ _ (43)
ER <RS >



60

The average values of the azimuthal patterns for an energy distribution

are given by Wu (1966) as

AT
“by =13 (44)
2
s _ 2h4nm
Foe” =75
Then
P
—E = 0.06 (45)
ER

If a cubic relation is used, equation (45) becomes

= 0.03 (46)

m m
2 wnim; o
I

In either case, the P-wave energy is almost unimportant with respect to

the S-wave energy. Combining equations (40}, (44}, and (46) gives

Wof)
E. =1.8 {47)
R o 8°

Equation (47) is effectively the total body wave energy (i.e. P-wave plus
S-wave). The constant of proportionality is adjusted for use of the ver-
tical component.

As a point of interest, note that Brune (1970-71) %inds that thé

S-wave body waves carry approximately 44% of the total seismic energy of
an earthquake. In light of the energy ratios, cne sees that somewhat less

than 50% of the total seismic energy is radiated as body waves.
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CHAPTER VI |
CALCULATIONS

Having presented the observed spectra and equations for use in
interpretation, the_next obvious step ié to apply the equations to the
spectra -to calculate.va1ues for”use jnﬁiﬁterpretation; The'seismic
moment is calculated from equation (32) by recalﬂing that at zero fre-
quency G(m/mo) equals unity. EQuétibn {32) then becomes

M = —S?E-(—[—)-)- . (Qvacj) (48)

o ps

(Refer to Figure 20 for instructions on measuring QpS(O).)

The effective stress drop is calculated from equation {(26) by writing it

in the form
M
= _9
%76 3
-

(49)

where o is used rather than Ac because a complete effective stress drop

is assumed. The maximum relative fault particle displacement is calcu-

lated from the stress drop by using equation (25) in the form

or 16 3
7 . (50}

U =—é-.——--

The magnitude is calculated from equation (33) and the enmergy is calcu-

lated from equation (47). The source dimensions are determined for an

average value of azimuth from the plots presented in Figure 24, The



62

relations for the transonic model are

_.i
)

1.6
/fp (51)

and

_‘
Il

I.2/f5_ (52)

The relations for the Subsonic‘modelvare?

-
1

1.2
/fp (53)

and

-
]

0.8/f ' (54)



Table 1,

Values Calcuiated from the Observed Specira

R 2(0) r My A U E,
104 Event Phase -vy E-5 em-sec f_ f /f  E-5 dyne-cm bars M max
c p s _ Joules
cm em cm
1 LBT 03/04/76 P 3.0 4,68 6.0E-10 87 1. 0.018 1.1E16 0.83 0.6 4.9E-3 9.,6E2
2 LBT 03/04/76 S 3.0 4,68 2.0E-9 62 0.019 1.6E15 0.20 0.1 1.1E-3 7.3EQ
3 DFE 01/15/76 P 2.5 3.4 7.0E-10 86 9 0.019 9.1E15 1.1 0.5 7.0E-3 6,3E2
4 DFE 01/15/76 S 2.5 3.4 4. pE-9 43 ) 0.028 2.3E15 0.03 0.2 2.7E-4 5.QE0
5 ESD 01/15/76 P 3.0 2.36 6.5E-10 100 0.016 G.8E15 0,50 0.4 2.6E-3 &4, 0QFE2
6 ESD 01/15/76 S 3.0 2.36 1.2E-9 88 D.013 L4.8El4 Q.10 -0.2 2.1E-4 1.9E0
7 SGC 01/15/76 P 3.0 1.72 5.0E-10 90 2 0.018 3.3E15 0.20 0.2 1.2E-3 G.5E]
8 SGC 01/15/76 S 2.5 1.72 1.4E-9 42 ’ 0.029 4.1E14 0.10 -0.3 9.6E-5 }.5E-]
9 PLS 11/09/75 08:26:08 P 3.0 1.74 3.6E-9 71 1 0.022 2.4616 1.01 0.8 7.2E-3 2,.5E3
10 PLS 11/09/75 08:26:08 S 2.0 1.74 1.0E-8 5% ’ 0.022 3,0E|5 0.20 0.2 1.2E-3 1.8Ei
11 PLS 11/08/75 21:18:48 P 3.0 2.44 . 7.2E-19 70 | 0.023 6.7E15 0.21 - 0.4 1.46-3 1.9E2
12 PLS 11/08/75 21:18:48 S 3.0 2.44 4.0E-9 67 ) 0.018 4.1E14 0.04 -0.3 2.4E-4 &.1E-1
13 PLS 11/08/75 02:30 P 3.0 2.37 2.8E-10 60 | 0.027 2.5E15 0.05 0.2 4.9E-4 1.6E1
14 PLS 11/08/75 02:30 S 3.0 2.37 7.0E-10 60 0.02 2.8E14 0.02 -0.4 1.3E-4 2_,0E-}§
15 GNC 06/08/76 l1st triple P 3.0 1.42 4. 0E-10 78 1 0.020 - 2.2E15 0.08 0.1 5.3E-4 2.7€El
i6 GNC 06/08/76 Ist triple § 3.0 1.42 9.0E-10 75 'f 0.016 2,2E14 0.01 -0.4 6.6E-5 2.4E-1
17 GNC 06/08/76 2nd tripie F 3.0 1.42 Z2.2E-10 78 l' 0:020 1.2E15 0.05 -0.0 3.3E-4 8.2E0
18 GNC 06/08/76 2nd triple § 3.0 1.42 . 4 5E-10 79 ’ 0.0i5 1.1E14 .0,01 -0.6 6.6E-5 7.2E-2
19 GNC 06/08/76 3rd triple P 3.0 1.42 L 0E-10 65 o 0.025 2.2E15 0.05 0.1 4,9E-4 1,6E]1
20 GNC 06/08/76 3rd triple S 3.0 1.42 8.0E-10 78 ' 0.016 2.0514 0.0} -0.5 6.6E-5 2,3E-]
21 DKF 06/08/76 01:33:58 P 3.0 1.34 1.0E-9 70 0.023 5.1E15 0.20 0.4% 1.4%-3 1.1E2
22 CHS 06/07/76 , 1st 3.0 1.507 4,3E-7 24 |
23 CH5 06/07/76 2nd 3.0 1.507 1.6E-6 20 |
24 CHS 06/03/76 Ist ? 1.007 ? _
25 CH5 06/03/76 2nd 3,0 1.007 2.0E-6 20 0.066

£9



Table 1. {Continued)

_ R 2(0) r Mo Ag Ud ER

ID# Event Phase -y E-§ cm-sec f f /f E-5 dyne-cm bars M max

: N c p s L Joules

: cm cm cm
26 STA 1 (EOC} 04/02/76 all 3.0 2.34 2.0E-9 60 0.028 1.8E16 0.40 0.7 3.6E-3 8. 4E2
27 CH5 02/05/76 Ist 2.5 1.80 6.0E-9 4 1.0 0.039 1.8E15 0.01 0.1 1.4E-4 2. 7ED
28 CHS 02/05/76 2nd 3.0 1.80 8.0E-9 4o " 0.030 2.6EI5 0.02 ¢.2 2.4e-4 ©5,2E0
29 GNC 02/05/76 02:04:+ P 3.0 0.40 2.0E-10 108 2.7 ¢.015 3.0E14 0.03 -0.4 2.0E-4 1.4ED
30 GNC 02/05/76 02:04:+ S 3.0 0.40 8.0E-10 40 - "0.030 G.4E13 0.04 -0.8 1.0E-4 2.0€E-3
31 GNC 02/05/76 01:27:42 P 2,5 0.40 1.6E-10 120 4.0 0.013 2.4e14 0.01 -0.4 2.1E-4 1.2E0
32 GNC 02/05/76 01:27:42 S 2.5 0.40 2.0E-9 30 0.040 1.4E14 0.05 -0.6 1.3E-4 1,0E-2
33 GNC 02/04/76 03:58:15 P 3.0 0.60
34 GNC 02/04/76 03:58:15 S 7 0.60 ]
35 HUM 12/19/75 20:10:58 P 3.0 1.34 1.0E-10 110 1.0 0.015 S5_1E14 0.07 -0.2 3.5E-4 L.1EQ
36 HUM 12/19/75 20:i0:58 S 3.0 1.34 7.3E-10 105 " °° 0.012 1.5614  0.02 -0.5 1.36-4 3.1€-1]
37 HUM 12/19/75 i9:55:4L p 3.0 1.29 1.0E-S 120 3.0 0.013 4,9€E15 1.00 0.3 3.3E-3 5.0E2
37A REFLECTION 3.0 1.0E-10 120 °°
38 HUM 12/19/75 19:55:44 2.5 1.29 1.0E-9 40 0.030 2.2E14 0.01 -0.4% 1.3E-4 4 0E-2
39 HuM 12/19/75 19:53:02 P 3.6 1.27 8.0E-10 120 2.4 0.013 3.9E15 0.80 0.3 5.1E-3 3,2E2
Lo HUM 12/19/75 .19:53:02 § 2.0 1.27 1.1E-9 50 °°7 0,021 2. 4F1L 0.0t -0 4 G _AE-§ 9 QE-2
41 GNC 02/05/76 00:18:23 all 2.0 0.74 4 4E-10 40 0.040 1.2E15 0.01 -0.0 4.0E-4 1.1EQ
42 HUM 12/19/75 19:52:55 P 3.0 1.23 4,7E-10 110 2.2 0.015 2.2E15 0.31 0G.1 1.5e-3 7.7El
43 HUM 12/19/75 19:52:55 § 2.5 1.23 3.0E~10 50 °° 0.024 6.3E13 0.01 -0.8 1.0E-4 6.0E-3
L4 HUM 12/18/75 20:16:05 P 2.5 1.27 6.1E-10 118 n 0.014% 2.9FE15 ¢.50 0.2 3.0E-3 1.7E2
45 HUM 12/18/75 20:16:05 § 3.0 1.27 4.1E-10 110 0.011 8.8E13 0.02 -0.7 6.6E-5 1.2€~1
b6 GNC 12/12/75 22:38:15 P 2.0 1.34 8.0E-11 62 0.9 0.016° 4,1El4 0.03 -0.3 Z,OE-Q 4, 8e-1
47 GNC 12/12/75 22:38:15 § 2.5 1.34 3.7E-10 66_ : 0.016 8.9E13 0.01 -0.7 6.6E-5 2.7E-2
48 GNC 12/12/75 22:37:57 all 3.0 0.80 1.0E-9. 70 ¢.024 3.0E16 1.00 0.8 8.1E-3 3.7E3
hg HUM 12/12/75 04:03:59 P 3.0 0.84 6.1E-11 90 1.0 0.016 1.9E14 0.01 -0.5 6.6E-5 3.2E-1
S 2.5 0.84 3.0E-10 86 0.014 4.3E13 0.01 -0.9 6.6E-5 1.4E-2

50 HUM 12/12/75 04:03:59

%9



Table 1. (Continued)

R a(0) r o e U E

I i i A e } .
D# Event Phase -y  E-5  cm-sec f_ FP/FS E-5  dyne/fcm bars M, MaX Joules
cm cm cm

51 GNC 12/12/75 20:55:04 P 2.0 0.85 3.0E-10 5 0.024 9.7€1h 0.01 -0.1 2.4E-4 1.5E0

52 GNC 12/12/75 20:55:00 all 2.0 1.27 1.8E-10 60 0.027 8.7E14 ©0.04 -0.1 6.2E-4 2.0E0

53 GNC 12/12/75 20:53:03 all 2.0 1.27 2.1E-10 50 0.032 1.0E15 0.04 -0.1 4.2E-4 1.5E0

54 HUM 12/12/75 03:12:53 P 2.5 1.38 2.0E-10 90 0.018 1.0E15 0.03 -0.1 4,7e-4 7.4E0

55 HUM 12/12/75 ©03:12:53 S$ 3.0 1.38 5.0E-10 105 0.9 ‘

56 HUM 12/12/75 ©02:13:28 P 3.0 1.84 1.5E-10 92 0 0.017 1,0EI5 0.03 -0.1 5.0E-4 9, 3E0Q

57 HUM 12/12/75 02:13:28 S 3.0 1.84% 5.0E-10 105 ~°° 0.011 1.2El4 0.01 -0.6 1.1E-4 2.0E-I
58 HUM 12/13/75 02:19:16 P 3.0 1.40 6.0E-11 98 [, 0.016 3.2E14% 0.03 -0.3 1.6E-4% 1.2E0

59 HUM 12/13/75 ©02:19:16 S 3.0 1.40 2.1E-10 90 '*' 0.013 G5.0E13 0.10 -0.8 4.3E-5 2.0E-2
60 2-2-248-250 P 2.0 1.07 7.0E-10 87 , o 0.014 2.8£15 0.4k 0.2 2.0E-3 6.2€]

61 2-2-248-250 S 2.0 1.07 5.0E-10 103 ~°° 0.007 9.1E13 0.10 -0.7 2.3E-4 1.0E-1
62 2-2-332-250 P 3.0 1.32 1.38-9 120 |, , 0.013 6.5E15 1.20 0.4 5.2E-3 8.8E2

63 2-2-332-250 S 1.5 1.32 B8.06E-9 73 "7 0.01} 1.8E15 0.70 0.1 2.4E-3 1.5E]

64 2-2-348-250 P 2.5 0.9% 9.0E-10 120 3 0.013 3.2E15 0.60 0.2 2.6E-3 1.0E-1
65 2-2-348-250 S 2.0 06.94 1.8e-9 90 7 0.009 2.9El4 0.20 -0.4 5.9E-4 7.0E-1
66 2-2-655-250 P 3.0 0.9% 1.0E-9 170 , , 0.009 3.6E15 1.90 0.3 5.6E-3 7.6E-2
67 2-2-655-250 S 3.0 -0.94 7.06E-10 160 '°' 0.008 1.1f14 0.22 -0.6 3.2E-4 6.0E-]
68 2-2-850-250 P 2.5 ' 1.7E-10 127 , , 0.013

69 2-2-850-250 § 2.5 3.2E-10 105 " °° 0.012

70 2-2-920 p 7 2.61 1.0E-10 ? ? ? 2 ? ? 2 ?

71 2-2-920~250 S 2.5 2.61 1.6E-9 82 0.015 7.1E14 0.07 -0.1 3.5E-4 3.3E0

72 2-2-924-250 P 3.0 2.67 5.0E-9 157 |8 0.008 2.4E15 0.20 0.2 L4.8E-4 2.7E2

73 2-2-924-250 'S 2,0 2.67 1.1E-9 86 '*° 0.009 G5.0EI4 0.31 -0.2 9.2E-4 1,9E0

74 2-2-1000-250 S 2.5 2,64 2.1E-9 - 83. 0.014% 1.0EI5 0.09 -0.1 4.2E-4 6.9E0

75 2-2-1233-250 P 2.5 2,51 5.2E-10 110 3 0.015 5.0E15 0.7} 0.4 3.56-3 4.0E2

76 2-2-1233-250 S. 2.5 2,51 2.4-9 88 '°° o.ol4% 1.1€E15 0.30 -0.1 1.2E-3 9.0E0

99



Table 1. {Continued)
R 2(0) r Mo Ao U Ep
| D# Event Phase -~y E-5 cm-sec fc fp/fs E-5 dyne/cm bars ML max | les
cm cm cm

77 2-2-1298-250 P 2.0 2.67 3.2E-10 115 1.3 0.010 3.2E15 1.30 0.2 L4.2E-3 1.9E2
78 2-2-1298-250 S 1.5 2.67 1.5E-9 87 0.009 6.8E14 0.43 -0.2 1.3E-3 3.7EQ
79 2-2-1319-250 P 2.5 1.4 4, 0E-9 90 0.018 2.2E16 1.74 0.7 1.0E-2 L. 2E3
80 2-2-1371-250 P - 2.51 1.0E-10 ? '

81 2-2-1371-250 S Z2.51 2.0E-10 80 0.015 8.5E13 0.01 -0.7 G.0E-5 4.0E-2
82 2-2-1382-250 P 0.97 2.0E-10 7

83 2-2-1382-250 S 2.0 0.97 6.0E-10 & 0.010 1.0E14 0.06 -0.6 2.0E-4 &.0E-2
84 2-2-1425-250 P 2.72 1.0E-10 100 0.016 1.0E15 Q.05 =0.1 5.8E-4 1,2€E1
85 2-2-1425-250 S 2.0 2.72 1.5E-9 80 0.010 6.9E14 1.32 -0.2 1.1E-3 2.9E0
86 2-2-1435-250 P 2.0 1.27 6.0E-10 90 0.9 0.014 2.9E15 0.54% 0.2 2.3E-3 7.3El
B7 2-2-1435-250 - S 1.5 1.27 4 0E-10"105 0.007 8.6E13 0.13 -0.7 2.3E-4 1.0E-1
88 2-2-1475-280 P 1.5 1.77 5.2E-10 108 1.0 0.011 3.5EI5 1.11 0.3 4.1E-3 1.9E2
Bg 2-2-1475-250 - S 1.5 1.77 9.0E~-10 105 ° 0.007 2.7E14 ©.31 -0.4 6.9E-4 1.0EQ
90 2-2-1495-250 P 1.5 1.30 L. 0E-10 105 .2 0.011 1.8E15 0.51 0.1 2.0E-3 4,5E]
91 2-2-1495-250 S 3.0 1.30 2,0E-9 85 0.014 3.8E14 0.05 -0.3 6.0E-4 1.1E0

2 2-2-1558-250 F 3.0 0.97 L.0E-10 90 0.9 0.0i8 1.5E15 O0.11 0.0 b.S5E-4 2.0E1
93 2-2-155R8-250 ) 3.0 0.97 2.6E-3 105 0.615 4.3E'4 0.33 -0.3 5.0E-3 2.4E0
94 2-2-1698-250 P 3.0 1.47 1.0E-9 108 1.3 0.015 5.6E15 0.80 0.4 3.8e-3 4.7E2
95 2-2']698-250 S 3.0 1.47 3.6E~9 85 0.0'4 9.GEV4 0.14 -0,1 6.5E-4 6.0FE0
96 2-2-]748-25@ P 3.0 1.3E-9 93 11 0.017 '
97 2-2-1748-250 5 2.0 1.8E-9 gg 0.010

98 2-2-1780-250 P 2.5 1.64 2.0E~-9 100 0.9 0.016 1.2E16 1.34 0.6 7.1E-3 1.7E3
99 2-2-1780-250 5 2.5 1.64 4,0E-9 110-° 0.011 1.1E15 0.40 -0.1 1.5E-3 1.9E]
100 2-2-18i7-250 P 2.5 1.62 1.0E-10 100 1.3 0.016 6.2E14 0.11 -0.2 3,7E-4 L4, 6E0D
101 2-2-1817-250 5 1.5 1.62 2.0E-10 80 ° 0.010 . 5.5E13 0.08 -0.8 1.0E-4 2.0E-2
102 2-2-1860-250 P 3.01 4 . 0E-9
103 2-2-1965-250 P 3.0 2.87 7.0E-10 120 0.013 7.6E15 1.4 0.5 6:1E-3 1.2E3

3%



Table 1. {Continued)

: , R 2{0) r M Ag U E
1 D# Event Phase -y E-5 cm-sec fc- f /fs E-5 dyne/cm bars M max
cm . P cm cm

104 2-2-1988-250 P 2.34  2.0E-10 ~

105 2-2-1988-250 S 2.0 2.34 3.0E-9 120 0.006 1.2E15 2.0 0.0 L4.0E-3 3.0EI

106 2-2-2554-250 p 2.5 2.67 ~2,0E-10110 . o 0.015 2,0E15 0.30 0.1 1.hE-3 6. 4EI

107 2-2-2554-250 S 2.5 2.67 4.0E-9 105 ¢.011 1.8E15 0.29 0.1 1.4E-3 1.1E2
108 2-2-2772-250 P 2.0 1.00 1.1E-9 99 , . 0.010 2.3E15 1.03 0.1 3.3E-3 6.2E]

109 2-2-2772-250 s 2.0 1.00 2.6E-9 97 7 0.006 2,2El4 0.51 -0.5 1.5E-3 5.3E-]
110 2-2-2785-250 P 3.0 2.44  2.4e-9 105 g 0.015 1.1E16 1.43 0.6 1.1E-2 1.7€3

111 2-2-2785-250 S 3.0 2.44 3.0E-9 115 "7 0.011 6.2E14 0.30 -0.2 1.0E-3 7.0E0
112 FRT Small CHI p 3.74

113 FRT9-792-CHI P 3.0 4.20 1.1E-7 115 ., 0.139 1.8E18 0.31 1.9 1.1E-2 5.9E4

114 FRT9-792-CHI S 3.0 4.20 1.1E-7 30.0 "' 0.040 7.9E16 0.50 1.1 8.8E-3 2.0E3

115 FRT9-806-CHI P 1.5 5.30 3.0E-7 6.0 0.075 6.0E18 6.32 2.2 1.7e-1 1.8E6
116  FRT9-1207-CH1 P 2.0 3.7% 3.08-7 10.0 , . 0.120 4.3E18 1.11 2.1 4.3E-2 2.2E5
117 FRT9-1207-CHI S 2.0 3.74 5.0E-7 8.8 °° 0.088 3.2E17 0.21 1.4 6.1E-3 8.4E2

118 FRT9-1238. P 3.0 4,04 1.hE-7 1.4 0,105 2.1€18 1.51 1.9 3.86-2 7.8Ek

119 FRT9-1238 S 1.5 4.ob  5.4E-7 V1.0 7Y 0,109 3.7E17 0,17 1.5 3.0E-3 2.2E3

120 FRT9-2354-CH1 P 1.5 3.88 1.0E-7 0.0 0.120 1.5E18 0.42 1.8 1.56-2 2 7EbL
121 FRTI0-575-CHi P 1.5 407 5.06-7 17.0 g 0.071 7.5€17 0.93 1.6 2.2E-2 2.3Eh
122 FRT10-575-CHI S 3.0 4.07 4.0E-7 11.0 ‘- o0.110 2.8617 0.11 1.4 3.3E-3 1.3E3

123 FRTI0-763-CHI. P 1.5 4,15 2,0€e-7 . .
124  FRT10-765-CHI P 3.0 4,15 4.0E-8 12,0 0.133 6.3E17 0.11 1.6 5.3E-3 8,3E3

125 FRT10-765=CHI § 7 4,15 2.0E-8 ?

126 FRT10-1734-CH) P 2.5 6.14  L4,0E-7 11.0 0.145 9.3E18 1.32 2.3 8.8E-2 1.L4E6

127 FRT10-1734-CHI1 S 2.0 6.14 1,0E-6 ? , _

128 FRT11-855-CHI P 3.0 2.61 4,6E-8 11 0.8 0.145 4.6E17 0.11 1.5 2.6E-3 3.4E3

123 FRT11-855-CH] 5 3.0 2.61  1.3E-7 13 ‘Y 0.092 5.8€16 0.04 1.0 7.

£9



Table 1. (Continued)

| R a(0) rooo My Ao Uy Eg
1 D4 Event ~ Phase -y E;? cm-sec fc fp/FS i;?_ dyne/cm bars ML C$ax Joules
130 FRT11-908 S 1.5 3.54 . 7 ?
131  FRTI1-916~CH] P 1.5 3.88 3.5e-8 8 0.150 5.2E17 0.08 1.5 3,56E-3 1.7E3
132 FRTI11-916-CH4 P ?  3.88 1.0E-8
133 FRTI1-916-CH4 S 7 3.88 4.0E-8
134 FRT11-961-CHA4 P 1.5 3.80 . 2.0E-8
135 FRT11-961-CHA4 S ?7 3.80 5.0E-8 80 _
136 FRT11-961=CH] P 1.5 3.80 G5.0E-8 5.5 0.218 7.2E17 0.04% 1.6 2.2E-3 1.0E3
137 FRTI1-961-CHI S 1.5 3.80 1.0E-7
138 FRT11-1693~CHI P 1.5 4.55 4.,0E-7 5.4 .1 0.220 6.9€18 0.30 2.2 2.0E-2 9.0E-4
133 FRT11-1693-CHI S 3.0 4.55 3.0E-6 5.0 0.200 3.9E18 0.14 2.1 8.0E-3 2.3EL
140 FRT11-1837-CHI P 7 4.08 ? ?
141 FRT11-1837-CHI. S 7 4.08 ? 7
142  FRT11-1838.5-CH] P 2.5 L.y 1.0E-7 2.9 0.6 0.123 1.7E18 0.42 1.8 1.7€-2 7.4Eh
143 FRT11-1838.5-CHI S 1.5 4,41  1.6E-7 20 7 0.039 1.2E17 0.93 1.2 1.0E-2 1.4E3
144  FRT13-968-CHI p 1.5 3.88 ©5.0E-8 12 0.100 7.4E17 0.30 .6 1.0E-2 1.1E4
145 FRT13-9A8-CHL p ?  3.88 3.0E-8 7
146 FRT13-968-CH4 S 2.0 3.88 3.2E-7 10.2 - 0,070 2.1E17 0.20 1.3 5.1E-3 5.8z
147 FRT13-1326-CHI P 2.5 448 1.4E-7 14 4 0.114 2,418 0.73 1.9 2.8E-2 1.9E5
148 FRT13-1326-CH1 S 2.0 4.48 2.1E-6 10 7 0.120 1.6E18 0.41 1.8 2.0E-2 3.1E4
143  FRT13-1500=CH1 S 3.0 4.00 3.5E-7 43 0.028 2.4E17 4.81 1.3 4.b4E-2 5.5EL
150 FRT16-1485-CH1 p 2.5 5.01 1.36-7 21 0.4 0.076 2.5¢18 2.00 1.9 5.0E-2 6.9E5
151  FRT16-1485-CHI S 2.0 5.01 B8.0E-7 16 )
152 01/04/74-CH1 S 2.5 1.74 5.0E-7 55 0.022 1.5617 5.83 1.2 4.2E-2 L .5E4
153 FRT-924 S 2.0 1.0E-9 80
154 HHH 2 246 P 7 2.67 3.0E-10 7
155 HHH 4 321 P ?  2.47  2.0E-10 ?
156 HHH 4 322 p 7 2.61  3.0E-10?
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Table 1. (Continued)
R a(0) r My Ag U Ex
I D# Event Phase -y E-5 cm-sec f fp/fs_ E-5 dyne/cm bars L max Joules
cm cm cm

157 JAM 1 433 S 2.5 0.80 2.3E-8 21 0.057 3.1E15 0.04 0.2 1.9E-4 .1.1E0
158 JAM 1 1203 ) 3.0 1.27 8.0E-9 31 0.039 1.8E15 0.04 0.1 1.3E-4 1.2ED
159 Maryville 623 P 2.0 19. 4 2.0E-b 3.5 0.5 0.343 1.5E20 1.60 2.9 1.8E-1 L. 1E7
160 Maryville 623 S 2.0 19.4 6.0E-6 6.4 : 0.120 2.0E19 5.10 2.5 2.0E-1 1.2E6
161 Maryville 1295 P 2.0 21,0 1.5E-6 3.4 0.6 0.353 1.2E20 1.20 2.9 1.4E-1 5.7E6
162 Maryville'1295_ S 2.0 271.0 ].IE-B 6.0 ) 0.128 3.9E18 0.82 2.1 3.5E-2 3.9t4
163 Maryville 1450 P. 2,0 12,0 5.0E-7 5.2 0.9 0.231 2.3E19 0.82 2.5 6.2E-2 8.9E+5
164 Maryville 1450 S 2.0 12.0 1.5E-6 5.8 ) 0.140 3.1E18 0.51 2.0 2.2E-2 1.9Eh
165 Maryviile 985 P 2.0 20.0 6.0E-7 17.0 0.071 4L.6E19 57.04 2.7 1.36-0 1.2E8
166 Jocassee DFE 01/15/76 Surface
167 Jocassee SGC 01/15/76 Surface
168 PLS.11/08/75 21:18:48 Surface
169 HUM 12/18/75 20:16:05 Surface
170 GNC 12/12/75 20:55:04 Surface
171 FRT 11 1896.5 CH! Surface
172 FRT13 1326 CHI Surface
173 FRTI3 1326 CH4 Surface

FRTI3 1500 CHI1 Surface

P74

69
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CHAPTER V111
DISCUSSION

Briefly summarizing, the general background of the study has
been discussed, observed displacément épectra have been calculated and
presented, recent displacement spectral theories have been reviewed,
and values calculated by applying the theoretical equations to the
observed displacement spectra. The final step is to use the information
presented to form an interpretation of the microearthquake data. The
preceding chapters have been fairly general in their descriptions.
Interpretafion involves examining some very specific cases; however, the
interpretation will be discussed in general terms whenever reasonable.
The discussion can be generalized somewhat by noting that the CHRA and
the JRA spectra are similar enough that they can be grouped together.
The MTA data differ from the data from the other data regions
and will be discussed separately. Data frpm the CHRA and the
JRA (Table 1) typically show sharp,‘well~defined spectral corners, ratios
of fp/fS that are greater than unity, high frequency trends that decay
in amplitude as m_3, and an absence of observed “intéfmediate” trends.
Approximately B0% of the spectra from these two areas show high frequency

decays proportional to either w-2.5 or m—3'0, wi th w—3'0 being twice as

2.5

common as w For a given event, both P- and S-wave spectra typically
show the same order of decay. A few of the spectra suggest decay trends

proporticnal to w_h, but theséthave been grouped with the m-3 because of
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a lack of high frequency information in these particular spectra. The
remaining 20% show w-Z decay at high frequencies.

The absence of the Mintermediate" trerd is explainable in terms
of four possibilities: (i) The rise time duration and the seismic far-
field pulse duration are equal. (ii) The rise time interval is so
short that the FZ corner {Figure 20) is off the high frequency end of
the instrument response (Savage, 1974). (iii) The "intermediate"
trend and the '"high" frequency trend have the same slope. {iv) The
Brune (1970) definition is used to suggest a total stress drop. The
first case seems to be a freak situation. |f the second case is true
and the third case is false, then the slopes should have been less than

3 that was observed {Figure 20). Molnar et al. (1973) explain spec-

the w
tral corners in terms of deétructive intefference which réquires that a
hole (i.e., a very small por;ion of the spectrum where the amplitude
temporarily drops to zero, wHich shows as an inverted spike in the spec-
trum) be present in the spectrum at each spectral corner (Madariaga, 1976).
However, an cbserved spectrum is so full of holes from irregularities in
the fault surface and inhomogeheities in the propagation path that posi-
tive identification of the f2 corner frequency hole is not éasily accom-
plished. Thus, if the slope of the intermediate and High frequency trends
are equal, the Fz spectral corner is not observable and neither is the
“"intermediate" trend.

3

A high frequency trend of w ° implies a quadratic singularity in
the time function associated with either the initial rupture (Dahlen,

1974) or with the termination of rupture (e.g. Savage, 1974). A quadratic
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rise-time was discussed in Chapter VI in terms of a convolution. Simi-
larly, Savage (1974) explains the high frequency singularity as being a
convolution of the final slip function with the stopping phases. The
subsonic model presented by Madariaga (1976) relates the slope of the
“"intermediate' trend to the order of the discontinuity of the stopping
phase such that the slope is proportional to w-z for values of 8 petween
30 degrees and 45 degrees. HoweQer, the slope undergoés a transition to
w']'S for 6 greater than 45 degrees. | interpret the Madariaga (1976)
subsonic model to mean that the order.of the stopping phase varies with
azimuth from to'5 to t]. If this is true, then a convolution with thg
final slip function as suggested by Savage (1374) gives a trend which
varies from w—z'S to w-3 as azimuth decreases. This is one possible
explanation of the presence of both slopes in the data set (Table 1).
This premise can be checked by noting that the Madariaga (1976) transonic
model requires that the fp/fs ratio decrease with decreasing azimuth
(Figure 24). For azimuths less than approximately 30 degrees, the ratio
should be less than unity. This fmplies that':if the above interpretation
is reasonable, then microearthquakes showing high frequencyltrends of w-3
should be associated with ratios of fp/fs closer to unity'than tHose
showing trends of m‘z;s. The observed data presented in Table | support
this premise!

An alternative explanation is possible in terms of the Brune
“interﬁediate“ trend. If the Brune (1970-71) model is adjusted to an
inverse cubic decay as suggested by equation {(31), then the 'intermediate'

trend resulting from a fracticonal stress drop matches the slope of the

Madariaga "intermediate' trend. Madariaga (1976) apparently uses a complete
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effective stress drop which suggests that his "intermediate' trend is
truly different. A comparison of the definitions of the corner frequency
characteristic of the fault dimensions offered by each study suggests that

the "intermediate'" trend of Madariaga (1976) corresponds to the "high fre-

quency"' trend of the Brune (1970} model. A partial effective stress drop
should manifest itself as a rounding off of the f] spectral corner (Figure

20). This explanation allows the previous explanation to still be used to

3 2.5

explain the presénce of w °~ and w trends. Even if the model of Brune
(1970) is used independent of the earlier explanation, the interpretation
of the spectra as being related t6 a transonic equidfmensional model will
not be changed. l

Approximately 20% of the CHRA spectra show high frequency trends of
m-Z. Molnar et al. (1973) find that at certain values of the azimuth, con-
structive interference wi]i result in the high frequency trend being an in-
verse square frequency function instead of the.expected inverse cube frequency
function. However, for transonic rupture velocities, the P- and S-waves will
not experience constructive interference at the same azimufh. The observed
results support this premise by showing that 72% of the micro-eafthquakes in
question produce an inverse square decay for only one phase (usually thé
S-wave).

Do the microearthquakes at the CHRA occur along a ;ingie plane, or
are a number of planes (not necessarily paral1ei) required to explain the
spectra? This question is answered by considering the effect of azimuth
on the fp/fS ratio., First, one can determine thaf azimuth does indeed
play an important role by observing the spectra of the 01/15/76 micro-
earthquake which was recorded on three stations (DEE, SGC, and ESD) at the
JRA (Figure 3). Stations DFE and SGC show f/fg = 2.0 while station ESD

shows fp/fs = 1.0. All three stations were very close to the hypocenter
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and were located on the same geologic unit; thus, the variation must be a
reault of azimuth., At station HUM in the CHRA, the value of the fp/fS ratio
varies by a factor of three for microearthquakes recorded at the same
hypocentral distance (see Table 1, Nos. 41 and 45). This requires that
azimuth vary by at least 25 degrees (see Burridge, 1975). If only a single
_ plane exists, then the hypocentral distance must change to allow a varia-
tion in azimuth at a single station. Note that the hypﬁcentrai distance
did not change for these events which implies that fhey occurred along two
different planes not parallel to each other assuming both occurred in the
same immediate epicenter. Are only two planes important or are there
others? |f microearthquakes are occurring along numerous surfaces, not
all of which are parallel, then one could expect to record events at a
variety of fault orientations (i.e. different azimuths). A similar effect
can be obtained theoretically by fixing a single plane within a focal
sphere and sampling the azimuthal effects at different ﬁoints along the
surface of the sphere. Studies by Madariagé‘(197é) and-éu;ridge {1975)
predict that one should observe Fp/fs to be greater than unity for approx-
imately 70% of the surface of the focal sphere. Table | indicates that
approximately 70% of the CHRA microearthquakes .produce values of fp/Fs
that are greater than or equal to unity. This is good évidence that the
CHRA microearthquakes are presently cccurring along mu]tipje planes.

This premise is supported by two additional considerations.
Scheffler (1976) explains a majority of thelaftershocks of the August 2,
1974, earthquake in terms of a single plane.which if extended intersects
the surface along a feature that appears to be an ancient shear zone

based upon surface geclogy. Microearthquakes recorded recently (September,
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1976) on the Georgia Tech telemetry system indicate an active area on

the Ggorgia side of the Savannah River near Fishing Creek,approximatelyr
ten kilometers from the previous epicenter. This new epicenter is not an
a direct extension of the shear zone, indicating that more than one

plane of faulting exists in the CHRA. Also, Bridges (1975) concludes

on the basis of hypocentral plots that aftershock activity probably
occurred along ;woror more fault planes. Thus, considering these two
points and especially the spectral results of this thesis, | conclude
that microearthquakes are occurring in the CHRA along multiple plahes,
not all of which are parallel.

The spectra fpr the CHRA and the JRA are best exblained in terms
of a model which (i) nucleates rupture at a point, (ii) results in moder-
ately high to very high fregquency con£ent, (i1i) ruptures transonically,
and (iv) is not confined to a single orientation. 0On the basis of these
conditions, one can propose a possibie model of faulting; Bridges (1975)
notes that stress amp]ification-atléorngrs may-bé able to explain the
fracture of brittle rocks‘in the aréé. This procesé is investigated in
terms of regional tectonics by Long and Hsiao (1976) and Hsiao (1977).
This certainly explains the high frequency content, but not the transonic
rupture whfch requires a well-lubricated dislocation surface. Field
observatiﬁns of the rocks exposed along the lake front reveal that the
region is highly jointed in multiple orientations. Denman (1974) states
that four sets of joints are common (NE, NW, ENE, NNE)., The NE and NW
sets seem {o be predominant. The joint surfaces must certainly be well
lubricated because of the presence of a naturally high water table. These

surfaces certainly meet the requirement for a transonic slip which occurs
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if the static friction is less than the total stress acting (i.e. 5.357To).
They also allow microearthquakes to occur in multiple orientations. A
combinatioﬁ of these concepts can explain both the high frequency content
and the transonic rupture of an average spectrum., |If the dislocation
surface is locked by a rough surface, fncomplete jointing, or one of the
many dikes or veins, then sufficient streés must accumulate to fracture
these brittle structures (stress amplification). Once the locking struc-
ture has been sheared, the remaining stress produces rupture at transonic
velocities along the well lubricated joint surface. Thus, one observes

a high frequency transonic.earthquake.

This general model can be taken to two extremes. One extreme is
the case of slip along a smooth_surface that is not locked by a brittle
material. The spectrum should show the m-3 trend characteristic of a
transonic rupture, a refatively low corner frequency, and a low stress
drop (e.g. number 26 of Table 1). The other extreme case is that of
brittle fracture only. This case should produce a spectrum showing a
high stress drop, a high corner frequéncy, and the m—z to w_2'5 slope
characteristic of a subsonic rupture. Some of the spectra presented
appear to have corner frequencies higher than the instrumentation is capa-
ble of recording. Sbectra numbers 77 -and 80 are Very similar except that
insufficient high frequency information was recorded in number 77 to show
the high frequency trend. NUWBer 77 does show a rouﬁding off and a
spectral hole, both of which are characteristic of a spectral corner, at
approximately 200 Hertz. A number of spectra are similar to number 77,

suggesting that brittle fracture may be an important source mechanism.
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Although the data included in this thesis from the JRA are insuffi-
cient to perform a detailed analysis, one can guess that the sTip process
must be at least similar to the CHRA events because the spectra from the
JRA are ver;‘similar to the CHRA spectra. The JRA microearthquakes are
in part triggered by reservoir impounding (Fogle et al., 1976).

The. MTA spectra are decidedly diffefent from the CHRA and JRA
spectra. The MTA spectra show an amplitude decay which is proportional

to w-Z.O or w-z's.

The spectra also show a relatively smooth transition
at the spectral corners, and values of the ratio fp/fs less than unity.

The inverse square trend can be explained in terms of subsonic models
presented by Savage (1974) and Madariaga (1976) or in terms of the
transonic Brune (1970) model. The justification given for the w 2 decay
in the CHRA-JRA data discussion is not acceptable here because both
P-waves and S-waves decay at the same rate. The most realistic model is
the Madariaga (1976) model (Figure 20). |If compared to this model, the
MTA spectra show the low and intermediate portions but only a small por-
tion of the high frequency trend. Using the earlier interpretation of
the relation bf the Brune and Madariaga models, the rounded spectral cor-
ners are characteristic of a partial stress drop. Thus, fhe MTA spectra
may be modeled as a near}y eqhidimensiOnal Fupture zone rupturingisub-
sonically and experiencing a preﬁature arrést of slip. These'spectra can
also be expléined as long narrbwlfau1ts by'fbljowing!the Savege (1972)
and the Aki (1967) kinematic models, but the circular Madariaga (1976)

dynamic model may be more realistic.
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Does the fact that the MTA microearthquakes were recorded during
an immediate aftershock sequence explain.why they differ ffom the CHRA-
JRA microearthquakes? The spectra for the CHRA station FRT are calcu-
lated from records of microearthquakes recorded by S. R. Bridges during
the immediate aftershock of the August 2, 1974, earthquake in the CHRA
reported in Bridges (1975). These FRT station data compare favorably
with other CHRA microearthquake spectra that were not immediate after-
shocks. Thus, simply being aftershocks will not explain why the MTA and
CHRA-JRA spectra differ.

The spectra for the MTA show a spectral shape characteristic of
a subsonic rupture. This can be explained by requiring that the after-
shocks either occurred on surfaces with cohesion greater than 5.357 T0
or that tﬁey had to form their own rupturé surface. This explanation is
supported indirectly by a study (Bollinger et al., 1976) of the MTA
earthquake of November 30, 1973, which concludes that the focal mechanism
of the main shock and the focal mechanisms of the aftershocks do not
match. Two orientations of faulting can be defined. One orientation is
N-S and the other trend is E-W. Apparentiy the aftershocks did not occur
along the predefined rupture zone of the main shock, but rather had to
form their own surfaceg. | “

Table 2 presents spectral estfmates of stress drop-For microearth-
quakes from other studies. The fypica] stress drop df thé'CHRA micro-
earthquakes is slightly greater than the' typical value éf four studies
and less than those ofltwo séudies. ‘Although this seems to indicate that
the CHRA values are slightl§ high, they certainly are not extreme, being

about an order of magnitude larger than the smallest reported value and
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about an order of magnitude smaller than the largest, Howeveé, the CHRA
spectra do suggest a complete stress drop and the maximum value obtained
(6.3 bars) agrees well with the value for the main shock of August 2,

1974 (Bridges, 1975). Also, recall that a number of CHRA spectra sug-
gested very high stress drop, but high Freduency resolution was insuffi-
cient to form a definite conclusion. The JRA stress drops tend to be
slightly lower than the CHRA values. The MTA data produced less consistent

values, making comparison more difficult.



Table 2. Comparison of Data to Published Observational Results
Area
or - M Phase ac (bars)

Paper
CHRA -0.5 to 2.3 PZ 0.1 to 6.3
CHRA -0.8 to 2.1 SV 0.1 to 8
JRA 0.2 to 0.8 Pz 0.1 to 1.1
JRA -0.4 to 0.2 SV 0.1 to.0.2
MTA 2.0 to 2.9 PZ 0.8 to 57.0
MTA 2.0 to 2.5 SV 0.5 to 5.1
Bakum et al. (1976) 0.9 to 2.4 Pz 0.1 to 245.3
Bakum.et al. (1976) 0.9 to 2.4 SH 0.1 to 5.9
Brune énd Allen {(1967). 3.6 tove .
Douglas and Ryall (1972) 1.0 to 2.0 S 0.04 to 0.6
Johnsbnfand McEvilly (1974) 2.4 to 2.6 ;252:; 0.5 to 1.0
Thatcher and Hanks (1973) 2.0 to 3.0 SH 0.5 to 0.9
Tucker and Brune (1973) 1.4 to 3.0 SH 1.0 to 100.0
Wyss and Brune (1968) 3.1 to 3.4 love 0.2 to 0.7

08
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CHAPTER [X
CONCLUS IONS

The conclusions presented in this chapter are divided into two
sections. The first section consists of conclusions not dependent upon
personal interpretation. This section is effectively a summary of the
displacement spectral properties observed. The second section consists
of conclustons drawn from interpretation of the displacement spectra.

1) Conclusions based solely upon observed spactral properties include:
(1) The Clark Hill Reservoir area (CHRA) ard the Jocassee Reservoir
area (JRA) spectra are very similar while the Maryville, Tennessee, (MTA)
spectra differ,
(2) Speéfra from the CHRA and the JRA typically show high frequency

2.5 3

trends proportional to w and w ° with the w-3 trend being twice as

2.5

common as the w trend.

(3)_ Spectra from the MTA typically show mz trends with m-2.5
trends sometimes being present for short high frequency segments,

(4) The CHRA and JRA spectra show sharper transitions at spectral
corners than do the MTA spectra.

(5) For all data regions, a given qitroearthquake generally produces
the same high freguency amplitude decay trend for both P~ and S-waves.

{6) The CHRA spectfa‘resuﬁt in values of the fp/fs-ratio both greater
than unity and less than unity. The JRA spectra show only values greater

than unity and the MTA spectra produce only values -less than unity.

11} Conclusions derived from interpretation include:
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4

(7) The CHRA and the JRA spectré are best modeled by an equidimen-
sional (circular) fault which nucleates rupture at a point and ruptures
transaonically.

(8) High frequency content and stress drop of the CHRA microearth-
quakes are explainable in terms of brittle fracture while the transonic
slip is explained in terms of well-lubricated pre-existing surfaces,
both of which appear to éxist in the geology of the CHRA and may combine
to produce the high-frequency transonic earthquakesf

(3) Vvariations from w_2'5 to w_3 in the high frequency trends of
both the CHRA and the JRA spectra are explained in terms of variations
in azimuth, where azimuth refers to the orientation of the fault plane
in three-dimensional space.

(10) The infrequent w-z high frgquency trend in the CHRA and the JRA
spectra is the result of constructive interference at certain azimuths.

{11) The value of the ratio of corner frequencies, fp/fs, does vary
with azimuth such that valués of the ratio greater than and less than
unity are justifiable.

(12) The value of the ratio of corner frequehcies is not a function
of magnitude over the range studigd.

(13) The microearthquakes at the CHRA occur on rumerous planes not
all of which are parallel.

(14) Peaks at the spectral corper in the CHRA and the JRA spectré.
are related to the small fault djmensions and to resonance.

(15) For the CHRA epicenter, Qp = 500 and-QS = 250 (see Appendix D).

{16} The MTA spectra ére best modeled by a subsdnic rupture occurring

on either circular or elongated (probably circular) faults which may show

premature stick.



83

CHAPTER X
RECOMMENDAT I ONS

{1) Focal mechanisms for a number of CHRA earthquakes should be
calculated to help decide the question of the number of planes and orien-
tations present.

(2) Spectra should continue to be calculated and catalogued to

acquire a better statistical sample.

(3) The magnitude relation needs to ke adjusted for use in the
Southeast.

(4) The effects of stress amplification should be investigated
more thoroughly to determine thei} significance.

{5) The tape units need a clock-oscillator to supplement the WWV
radio time during periods of poor reception. A light could also be
installed to improve the ease and efficiency of night operations.

(6) The digitizing technique used for this report, although
accurate, is ridiculously slow. The A/D converter should be perfected
so that this method will not have to be used again,

(7) Hope for earthquakes (both in old and new epicenters).



84

APPENDIX A
CALIBRATION OF THE TOTAL SYSTEM

The Geophone-Amplifier Subsystem

Calibration of the geophone-amplifier subsystem (Figure 26) is
accomplished by comparing the output, voltage of a 15 Hertz exploration
geophone, which has beeﬁ modified'by the installation of a X1000-gain
amplifier inside the geophone case (hereinafter referred to simply as
the exploration geophone) to the output voltage of a |-Hertz Mark Pro-
ducts, Inc. model L-4C geophone, which has been indepeﬁdently calibrated.
The problem is two-fold: i) to isoiate the geophones from background
noises and ii) to drive the geophones at a known frequency such that
both geophones respond to the same motion.

The problem of isolating the system was solved by construc%ing a
suspension platform which has an effective natural frequency of less
than one Hertz. The major source of background noise was a building
vibration. To determine a reference level, tha exploration geophone was
placed directly on the floor, which showed a very consistent value of
3.8 volts peak to peak at 14.8 Hertz. Plécing.the exploration geophone
on 18 inches of foam rubber effected a reduction of 38:1, which was not
accepted. A shake table (suspension'p1atform)was constructed by suspending
a rigid platform from a rigid structure by means of elastic bands. This
system effected a noise reduction of 190:1, whfch means a voltage

level 0.25% of the saturation level of the geophone or 0.5% of the
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Figure 26. The Exploration Geophone - Amplifier Subsystem Setup.
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saturation level of the tape recorder. 1in the calibration, the driving
force is provided by a sine wave generator driving a Hall-Sears model
HS10-1 vertical geophone which has a natural period of ane second. The
components of the system are coupled such that both test geophones
respond tc the same motion. The shake table must be kept level to
avoid error due to tilt of the geophones.

The damping of the L-4C is determined by (Mark Products, Inc.,

1975)
1.1 RC
bc - R + R (55)
c 5
where Rs = resistance of the shunt
RC = resistance of the.L—hC coil

The L-4C used in this test has a coil resistance of 5500 ohms. Therefore
b, = 0.58 (56)

The total damping is given by {Mark Products, Inc., 1975)

damping of the L-4C without a shunt

L]

where b
o

0.86

Response curves supplied by Mark Products, Inc. for this L-4C geophone
show that for a total damping of 0.86 the transduction at 40 Hertz is
3.58 volt in—] sec. The ratio of the output voltage of the exploration
geophone to the output voltage of the L-4C geophone is used to determine

the transduction of the exploration geophone., At 40 Hertz the relative
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ampl itude was measured as

0 volts _ .
X = 2000:1 (58)

| exploration _ L.
L-4cC 2

{2000) (3.58 volt in”! sec)

Exploration Gecphone Transduction

7,160 volt in_] sec

282 volt mm | sec (59)

The plot of the relative amplitudes is scaled such that the trénsduc4
tion of the exploration geophone at 4Q Hz is 282 volt ! sec (Figure 7).
Note that the exploration geophone is slightly underdamped and shows a
slight resonance at 20 Hz. This is useful because the underdamping helps
compensate for the low frequency roll-off of the tape recorder subsystém
(Figure 8).

The Tape Recorder Subsystem

The tape recorder subsystem is composed of the signal mixer cir-
cuit and the tape deck. Unit volume is arbitrarily chosen to occur at
i00 Hz because this frequency is well within the reliable. response range
of the instrument and because micrqearthquakes with corner frequencies
on the order of 100 Hz were anticipated. A controlled signatl of a con-
stant amplitude is put into the system such that the signal passes through
the signal mixer circuit and is recorded (Figure 24)., The recording vol-
ume adjustment of the deck is calibrated such that the voltage recorded
equals the voltage put in. To determine the response of recording, a
record is made as the input signal is varied from 1 Hz to 3500 Hz. The
tape recorded during this last step is now played %nd the output of the

tape is monitored (Figure 25) after adjusting the playback volume to
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give unit amplitude at 100 Hz. The above procedure is repeated for each
of the three tape units, Tapes from each unit are played on the other
units to document any possible errors produced by interchanging tapes
(Figure 26). Because the tape units are similar, an average of the
reSponsé curves is used as the instrument response. Figure 8 shows the
maximum possible error in recording and playback. The maximum deviation
results because the tape unit that has the strongest recording response
also has the strongest playback response, *and similarly for the weakest
response. By interchanging tapes, one can keep the response much closer

to the average value as shown in Figure 26,

The Stripchart Signal-Separatar SubsyStém

The response of the stripchart signal-separator subsystem (Figure
27} is determined by putting a constant amplitude signal into the signal-
separator from a sine wave generator while varying the freguency from |
Hertz to 300 Hertz. The responée of the stripchart is affected by the .
amplitude and by the center position of the pen. A%plitudes begin to
lose Iinearity if the displacement is greater than *12.5 mm for the 20
mv/mm setting or +5 for the 50 mv/mm setting. These errors are most sig-
nificant above 100 Hertz.

The velocity response of the total system is determined by com-
bining the response curves of the subsystems (Figure 10). The displace-
ment response for the total system is determined by multiplying each
value of tHe transduction by the corresponding value of the angular

frequency (Figure 11).
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Subsystem Calibration Setup.
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Table 3. Percent of Amplitude Input that is Preserved

% of Signal :
% of Signal Amplitude Input % of Signal
Amplitude Input to the Amplitude That
to Tape Stripchart-Signal is Preserved
Recorder That Separator that on the Strip
Frequency is Recovered is Recovered . . Chart Record Frequency
10 Hz 6% © 99.9% 6% 10 Hz
15 17 S 99.9 R B
19 “ N | 19
20 99.0 30 20
20.5 N 20.5
21 32 . ‘ _ 21
23.5 S = 33 23.5
24 40 97 24
27 49 | | | 27
30 56 | 96 5k 30
34 66 34
Lo 77 94 73 4o
L 82 L
50 | 88 9] 80 - 50
60 92 88 81 60
70 84 79 70
80 80 77 80
30 9%.5 78 77 90
100 100 76 76 100
125 62 62 125
150 99.5 Ly Ly 150
200 98 26 26 200
250 96 E} i3 . 250

300 92 g 7 300
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APPENDIX B
DYNAMIC RANGE

The Sony model TC-800B tape deck saturates at +4.0 volts, while
the geophone-amplifier system saturates at +8.0 volts. For a background
level of one millivolt, *4.0 volts gives a dyramic rénge of 4000:1.

The minimum background level discernible on the strip chart recorder
without the aid of magnification is five millivolts which suggest a
maximum practical dynamic range of.800:l. A typicaf value.of the
background seismic level experienced during actual field monitoring is
£12.7 miilivolts which gives a typical dynamic range of 315:1 for the
events in_this report. A ground motion of 3.3 x 10-8cm at 150 Hz will
produce an output voltage of 0.5 volts for the X10 gain setting. The
20 mv/mm setting of the stripchart recorder will write the trace of a
0.5 vdlt signal as 2.5 em. This gives a maximum magnification fo} the
total system of 7.6 x 107:1, or 79 db {db is given by Marion (1970) as
10 log {(relative amplitude)). The same ground displacement would show
a 69db magnification for the X1 gain step. The maximum particle
velocity that the system will record is 0;063 cm/éec at 60 Hz. For the
X1 gain step the maximum is 0.009 em/sec. The maximum particle dis-

5 cm at 150 Hz. For the X1 gain step

placement recordable is 1.1 x 10
the maximum is 2.7 x 10_6cm at 150 Hz. Although the system is set for

unit calibration, one may wish to play small events at full volume.

If the event is recorded at unity and played at full volume, the
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resulting trace can be corrected to unity by the constant 0.7925. Also,
a number of events were recorded prior to the calibrating of the sys-

tem. These are corrected to unit volume by the arbitrary constant 0.5.
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APPENDIX C
ERROR ANALYSIS

The quality of the displacement spectra are Timited only by
the corrections applied to the original data. Unfortunately, an exact
recording of a physical process cannot be made; therefore, one must
consider the precision and accuracy of the technique as a means of
determining the limits of the observed results and as a means of sug-
gesting improvements. The term ''error' refers to estimated uncertain-
ties in the analysis and is expressed in termé of a standard deviation.
"Precision' is a measure of the random érrors, and "“accuracy' is a
measure of the systematic errors (Beers, 1958). Random errors {e.g.
reading error, background noises, etc.) are small because they tend
to average to zero. However, there are a number of Systematic errors
mainly related to the averaging of curves. The error in the geophone-
amplifier subsystem curve appears to be *1.6% while the error in all
of the other individual curves appears to be *1.4%, If each tape
recorder and each setting of the stripchart recorder had been used
indebendent]y, a total of at léast eighteen total reéponse curves would
have been needed to cover the combinations of tape recorders and strip-
chart settings. Each total displacement response curve would have had
an error of appfoximately ¥2.1% in frequency and amplitude. Instead,
curves were averaged to form a single total displacement response curve.

The standard deviation is
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k 1/2
(s x )2
_ {n=i
5 = T (60)
The fractional standard deviation is
s = > ~(61)
X

where x is the average value.

The fractional standard deviation of a single'product combines as
s = (52 4 syz)'/2 - (62)

where Y = xy or ¥ = x/y.
When the three curves in Figure 8 or the two curves in Figure 9 are

combined, the eguation

s_ = fli (si + si + .. si )]]/2 (63)
x K 1 2 Kk
lis used to_find the standard deviation of the resulting averaée curve.
The resulting errors are a function of frequency and are presented as
fractional standard deviations in Table 4, Equation (63) is used to
combine the average curves for each subsystem into a single total
response cﬁrve with the errors being presented in Table k. Mu\tfple
test suggests that the digitization process is no worse than +5%. Thus,
the spectra presented in this réport have an error in amplitude vary-
ing with frequency from #5.4% to *31% while the frequency is a consist-
ent *5.4%. The value of.iBIZ is the maximum error, and is rareily

encountered (refer to Appendix A). The interpretation of the spectra
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should be weighted in favor of frequencies between 30 Hz and 120 Hz.
Additional error is induced by fitting asymptotic lines to the spectra,
Therefore, the values of spectral amplitude and corner frequency are

correct to within an error of +10%,

Table 4. Error of the Calibrating Process

Stripchart Tape Recorder Total Total System

Hz Signal Separator Subsystem System Pius Digitization
15 £+ 1% + 28 % t 28 % £ 29 %

20 1 26 26 27

25 ] 15 15 16

30 1 9.5 10 11

35 1 7 7 9

4o [ b 4 6.4

b5 1 3 3.5 6.1

50 ] 2.2 2.8 5.7

60 1 2.1 2.7 5.7

70 ] 2.0 2.6 5.6

80 ] 1.0 2.1 5.h

90 1.7 0.8 2.4 5.5

100 2.5 0.8 1.0 5.8

120 0.8 6.2 8.0

150 18 0.8 18.0 19.0
200 27 0.8 27 27
250 31 0.8 31 31

300 + 18 % + 0.8 % 18 % 19 %




97

APPENDIX D
ATTENUAT I ON

The displacement spectra have been calculated as if no ampli-
tude were lost during propagation due to inetastic properties. However,
attenuafion must be accounted for before performing interpretation.

The proper quality factor (Q-value) is chosen and attenuation is

applied to the tHeorética} curves before fitting them to the observed
spectra. However, an arbitrary Q-value cannot be used because a variety
of different curves can .be made to fit a given spectrum by simply vary-
ing thg Q-value. A Q-value is established for the epicentral area of
the CHRA by applying the method of spectral ratios of local quarry
explosions {Figure 31). Explosions are used because a given frequency
will experience the same attenuation independent of the source. Explo-
sions allow one to set up refraction lines, thereby eliminating azimuthal
effects. If attenuation were negligible; then the seismic wave would
not lose any amplitude causing the spectrum calculated at each station
to show exactly the same spectral siope. Thus, by comparing spectral
slopes for a given explosion (Figure 32), one can determine the Q-value,

Attenuation is assumed to obey (from Douglas and Ryall, 1972)

Attenuation = exp (%%%J (64)

such that Q is the only unknown.
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Two explosions of equivalent force detonated within a very
restricted area were used. The blast of 06/17/76 was recorded at sta-
tions CH6, CHS5, MPB and LCC while the record at SBS is of the 04/29/76
blast. Three pairs are formed: MPB-LCC, LCC-SBS, and CH6-CH5. A
value of Qp Z 500 is obtained for each pair. Studies by Savage (1966B)
and Walsh'(1966j suggest that Q should be half the value of Qp; thus,

QS = 250. This happens to be the same two values used by Ho1nar, et al.

{1973) for the February 9, 1971, San Fernando éarthquake sequence.
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APPENDIX E
SPECTRAL NOISE

This appendix is intended to.éid iﬁ the interpretation of the
spectra by pointing out possible errors. Figure 33 shows a perfectly
incorrect spectrum, The trace is completely correct except for a single'
point that was programmed incerrectly by misplacing the decimal. The
resulting dominant spike is effectively a Dirac delta function which is
white noise to fhe spectrum. When the constant spectral amplitude of
the delta function is fitted to the instrument response curve, the spec-
trum becomes the inverse of the response curve. Noise may also result
at high frequenéies if a two wide digitizing interval is used; or, at
low frequencies, if these freguencies are absent from the digitized por-
tion (Figure 34).

The curve fitted to the spectra (Figureé 13-20 and Appendix G)
are theoretical curves corrected for atténuation rather than best fit
curves. These curves are used as a means of comparing theory to obser-
vation, The curves are fitted a5ymptofically because the theories are
developed fér an asymptotic fit and because a curve drawn through the
spectra tends to obscure the data making a future re-analysis difficult,
The spectral slopes and corner frequencies used for deducing properties
of the earthquake are identical irregardless of whether an asymptotic
fit or a best-fit through the spectra is used. The value of the seismic

moment will vary; however, rarely by more than 10%. The seismic moment
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is used to derive only magnitude, so this variation has no effect upon
this analysis. All theoretical curves are drawn assuming a complete

effective stress drop.
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APPENDIX F
FIELD EXPEDITIONS

This appendix is a listing of field expeditions between the dates
of September 21, 1875 and Septemﬁer 18, 1976. Only those stations occu-

pied by tape units are listed.

Data .
Region Date Time Station $-P_(sec)
CHRA 09/21-22/75 No events SUM
JRA 11/08/75 21:18:48 PLS - 0.29
7 PLS 0.24
02:30:+ PLS 0.28
? PLS 0.29
11/09/75 08:26:08 PLS 0.20
CHRA 11/21-23/75 No events DKF
CHRA 12/11/75 02:13:28 HUM | 0.18
12/11/75 02:14:49 HUM 0.19
12/11/75 03:14:05 HUM - 0.19
12/11/75 03:20:03 HUM - 0.19
12/11/75 04:13:50  HUM 0.19
12/11/75 05:04:58 HUM 7
12/11/75 05:12:53 HUM 0.18
12/1i/75 09:32:23 HUM 0.13
12/11/75 11:46: 44 HUM 0.19

12/11/75 17:12:53 HUM 0.13



Data

Region

CHRA

CHRA.

CHRA

Date
12/11/75
12/11/75
12/11/75
12/11/75
12/12/75
12/12/75
12/12/75
12/12/75
12/12/75
12/12/75
12/12/75
12/12/75
12/12/75
12/19/75
12/18-20/75
12/18-20/75
12/18-20/75
12/18-20/75
12/18-20/75
12/18-20/75
12/18-20/75
12/18-20/75
12/18-20/75
12/18-20/75
12/18-20/75

Time

25:14:2]

26:13;28

26:
28:
03:
20:
20:
20:

20:

21

21

22:

22

Ol :

19:
03:
12:
12
54
54
55:
135
:37:
38:
£38
03:
:50:
152
:52:
:53:
54
:55:
:55:
:56:
:57:
:10:

:16:

16

59
53

154

53

57
o4

45

41
08

: 08

59
27

03

55
02
57
14
LY
54
18
58

05

Station

HUM
HUM
HUM
HUM
HUM'
GNC
GNC
GNC.
GNC
GNC
GNC
GNC
GNC
HUM
HUM
HUM
HUM
HUM
HUM
HUM
HUM
 HUM
HUM
HUM

HUM

106

S-P (sec)

0.13
0.13
0.13
?
0.17
0.25
0.07
0.13

0.13

0.19
0.13
0.16

0.10

0.10

0.15



Data

Region

CHRA

JRA

CHRA

CHRA

JRA
JRA
CHRA
CHRA

" CHRA

CHRA

CHRA

For information on the FRT events, refer to Bridges (1975).

Data
12/18-20/75
01/09-10/76

01/15/76
01/15/76
01/15/76
02/04/76
02/05/76
02/05/76
02/05/76
02/05/76
' 03/04/76

03/08-10/76

03/24-25/76
04/02/76
0L/07-09/76

06/08/76

09/18/76

Time

21

No

No

No

23:

00:

0l

02:

17:

No

No

‘Lo
ext
sm
ev

01

04

No
cal

:0b:+

events

events
events
58:15
18:23
127:42
Ob: +
42:16

events

events

ts of
remely
all
ents

:33:58
42+

spectra
culated

Station

HUM

DFE
ESD
SGC
GNC
GNC
GNC
GNC
GNC

LBT

'STA(EOC)

SBS

DKF
GNC
GNC

HUM
DKF

0.
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15

4
.29
.21
.07
.08

.05

.26

7
17

S<P (sec)

.56

.30
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APPENDIX G
SPECTEAL bLbe

All of the displacement spectra-calculated for this sfddy are
catalogued in this appendix. The spectra are arranged according to the
ID# listed at the top of each spectrum. Spéctra number one through num-
ber 14 are from the JRA, spectra number 15 through number 158 are from
the CHRA, and the spectra numbers 159 through 165 are from the MTA, In
addition to the P-wave and S-wave spectra, a number of surface wave
spectra were calculated and are presented as numbers 166 through 174,
Although surface waves are not used in this analysis, these spectra are
catalogued in this appendix as a bonus prize. All spectra are calcu-
lated from the vertical component only. Theoretical curves are fitted
- according to the rules described in Appendix E, Each spectrum includes
a reconstructed waveform of the digitizéd daté used to calculate the
spectrum. The spectra and the wave trace have:been plotted using pre-
defined axes lengths to ease the problem of fitting the diagrams neatty
into a thesis. The result is that several different scales were required;
thus, comparison of frequencies and slopes By eye-analysis may prove
misleading. To help avoid this prob1em, the following symbols are used
as visval aids:

0
A

time t = 0 for digitizing purposes

0.10 seconds

100 Hertz

=g
]
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10 © mm-sec of spectral ampli

10 ~ mm-sec of spectral ampli

the corner frequency (the fl

thé slope of the decay trend.

tude
tude

corner)
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APPENDIX H
COMPUTER PROGRAM

The computer program, SPECT2, consists of a number of subrou-
tines and a main drivihg program. A flow chart is used to explain the
operation of the driving program. All subrouiines are explained in the
printout of the program jtself; however, additional comments are pre-
sented for a select few.

Subroutine STLNFT uses the method of least squares to find a best
fit line to the data. The equations can be found in many introduétion
calculus texts, such as Hocking {1970).

Subroutinés TIC and GITTUC are used to cérrect spectra for instru-
ment response. . The programs are essentially a programming of responée
curves. GITTUC uses Figure 11. TIC uses Figure 32 which is the respénse
of the Honeywell tape recorder system used for the MTA data and for the
CHRA data at station FRT.

Subroutine SERTA is used to transform the digitizéd data into
the frequency domain. Basically, a Fourier sine- and cosine-transforma-

tion is used (from Churchill, 1972)

f F{x)sin wx dx
0

imag (F(u)) ()

f F{x)cos wx dx
4]

Real (F(w)) (66)
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-The phase is found by examining the phase angle between the sine and

cosine transformations.
¢ = ATAN (Real/Imag) (67)
The spectral amplitude is given by '

Spec. Amp. = (RZ+ 12)!7/2 (68)
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Figure 35. Displacement Respcnse of TIC.
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INPUT SYMBOL

PROCESSING SYMBCOL

CONNECTOR

PRINTED OUTPUT

WRITE CONTROL DATA

DECISION
READ FORMAT ON
WHICH DATA HAS
PREDEFINED PRQCESS BEEN PUNCHED

10O o [J0L

DIRECTION OF FLOW
<0

4

TERMINAL SYMBOL START MAIN

[READ CONTROL DATA]@-— KK = KK + 1

o

READ AMPLITUDE

AND TIME PAIRED
POINTS IN

ARBITRARY UNITS

READ AMPLITUDES OF
EQUAL INTERVAL
DIGITAL DATA

IN ARBITRARY UNITS

4

Ti = INITIAL TIME

131

T{K) = T(k-1) + DT

dafines time at
data points

TRUE




132

WRITE AMPLITUDE AND TIME
IN ARBITRARY UNITS

v

CORRECT AMPLITUDE TO UNITS OF VOLTS
AND
CORRECT TIME TO UNITS OF SELQNDS

<

H{I) * HCAL MUE(1) = B{4) * HCAL

"
]

T(1)/TeaL) IRUEROGEEN

v

YES YES

E—
€ = 1€/

WRITE AMPLITUDE CORRECTED TOQ VOLTS
AND TIME CORRECTED TO SECONDS

Y

-VERIFY TOTAL TIME
OF DIGITIZED TRACE




DT = (T(N) - TI1)/NDT

>

Nhr = (T(N) - T1) / DT

v

NOT = 20004<[F (NDT .GT. 200G TRUE

FALSE

s————=—>|uRITE NDT aND DT |

CALL DIGIS +
b
1t =1
F(I) = -F(1)
=1 + 1 ¢
FN{!) = [|*DT
FN 1S FREQUENCY NUMBER
v
YES

NO

o e |

CALL STLNFT

}

NDT = 2000

133



h 4

F{1) = F(1) - A%1%DT - B |aR=] |

CORRECTS AMPLITUDE

FOR THE LEAST SQUARES FIT

+ 1

G0

MINNW = 1/DF

NW = SOMNDTADT [ ——

I £ NDT TRUE
FALSE
NDT2 = NDT/2
v
SET LIMITS
3».
TO (7Q. 71, 72, 73) IV

70} 71| P2 {73

NW = 300%NDT*DT
MAX # OF CYCLES
RESOLVABLE

v

MINNW = 10SNDTADT
MIN NO. OF CYCLES
RESOLVABLE

v

Uw = BD*NDT*DH(_

[Nw = 100*NDT*DT]

. 4 A
[Minwe = 0.72/0F]  [ninnw = 0.5/0F |
v
L——9 NW = MINO(NW,NDT2) |e€———

v

“EALL SERTRA

v

134
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| so 1o (60, 61, 62, 63) v |
60| 61 62 63

CALL & ‘ ‘iﬂ CALL
WWSSC GITTUC
“CALL] TALL
SCSPC TIC

y l

WRITE DIRECT TRANSFORM,W_, ‘%'
1/TOTAL THME, OF,
CORRECTION CURVE, IV

45----—--{ S 1|
\

SPECTRAL DENSITY, G(I)
PHASE, PH{1)

v

TRUE

PREPARE THE RESULTS FOR A
LOG-LOG PLOT

[NEWNN = NW =~ MINNWI
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F(J) = ALOGIO (G(J + MINNW)) [€——1 , = 4 |

v

F(J) = -F(n)

‘ v
LN = OF + FLOAT(J + nind)]

TS NEWNW TRUE

FALSE

CALL
SPLOT

: TRUE .,
KK L) .'P

FAL SE

CALL
PLOT

S3TOP




QOO0 O00O000O000000ORDNOO0O00OO0000000O00O00000

PROGRAM MAINCINPUT:CQUTPUTsPUNCH.TAPES=INPUT. TAPEGTOUTPUT)

THIS PROGRAM CALCULATES AMPLITUDE SPECTRAL ODENSITY AS A FUNCTION OF
FREQUENCY AND PLOTS THE RESULTS AS A LOG-LOG CALCUMP PLOT.

G=SFECTRAL DENSITY (I.E. SFECTRAL AMPLITUDE) IN UNITS OF NM-SEC.
FH=PHASE .
T=TIME.
H=AMPLITUDE OF RAW DATA IN ARBITRARY UNITS.
F=AMPLITUDE CORRECTED TO UNITS OF VOLTS.
FN=FREQUENCY NUMBER (I.E. PERIOD) IN UNITS OF TINE.
NDT2=NDT/2 (1.E. FOLDING FREQUENCY).
NW=NOT/2z PRIOR TO DEFINING LIMITS. IT MAY SE CHANGED TO THE
MAXIMUM NUMEER OF CYCLES (UPPER LIMIT FOR RESPONSE CURVE CORRECTION)
MINNW=LOWER LIMIT FOR RESPONSE CURVE CORRECTION IN UNITS OF CYCLES.
NEWNW=UPPER LIMIT MINUS LOWER LIMIT. THIS DEFINES THE NUNBER OF
POINTS TO BE INCLUDED IN THE LOG-LOG PLOT.
PLOTS=INIVIALIZES THE PLOT PROGRAM,
IBUFF=THE ARRAY USEO T0 INITIALIZE THE PLOT PROGRAM.
FACTOR=USED TO SCALE THE PLOTS TO FIT ON A THESIS PAGE.
N= NUMBER OF DATA POINTS
NDT = NUMBER OF INTERVALS, NOT=N-21.
= TIME INTERVAL BETWEEN REAGINGS.
= INITIAL TIME, USUALLY 0.0
TCAL = TIME CALIBRATION.
L = AMPLITUDE CALIBRATION.
LAB = LABEL FOR THE SPECTRUM.
IV = CORRECTION CURVE
1=HWSSC
2=5CSPC
3=TIC
4=GITTUC
J = TYPE OF FIT
- OR 0 = PAIRED FOINTS
+ = EQUAL INTERYAL DATA
L IS THE NUMBER OF DATA SETS TO BE READ.
OF IS THE LOWEST FREGUENCY ' RESOLVAELE.
TTINE IS THE TOTAL TIHE INTERVAL,
FORMAT DETERMINES THE FORMAT USED IN READING DATA.

DIMENSION G(2000) ,PHIR000) T (20002+H (20002 +F (2002) +LABI3)+FN(2002)
DIMENSION IBUFF(512) 4FORMAT (8)
CALL PLOTSIIBUFF 451259500}
CALL FACTOR(D.69) :
READ(S5,4) L
4 FORMAT (I3)
00 & KK = 1sL

READ (5+103) NoeNDToOToTI2TCALyHCALeLAByIV.dJ

1014 FORMAT (2I5+s4F10.8,24104A6+11,12)

IFTEOF(5)) 999,998

998 CONTINUE

c

c

IFCd) 30.30+31

30 WRITE (641033 NoNOT,OF,TI,TCALoHCAL,LAB,I¥,J

137



G O0O0H00H00

OO0

OO0

[}

C
c

103 FORMAT(1H1,I5.,44H PAIRS OF POINTS ARE T0 BE INTERPOLATED AT ,I5
#,7H POINTS+F10e8,14H SECONDS APARTs//16H BEGINNING AT T=,F10.3/
*6H TCAL=y F10.3s 10H UNITS/SEC/6H HCAL=+F10.3y10H VOLT/UNIT//
*1Xs2AL04AE/ 1IN L EHTYPE CORPECTION--1!-12/1X92HJ--12/3

GO TO 32

31 ARITE(H+33) NaNOTOT+TIsTCALyHCALLABIVd .

33 FORMAT (1H1,9Xs15.35H POINTS ARE TO B8E INTERPOLATED AT .IS
¥47H POINTSyF10+8y14H SECOMIS APART,/716H OBEGINNING AT T=4F10.3/
*6H TCAL=y F1iDasde 10H UNITS/SEC/6H HCAL=¢F1048410H VOLT/UNIT//
*1Xe PA105AE/1X1EHTYPE CORRECTIONS 51X sI2/71X,2HJ=,1I2/)

32 TTIME = CT*NDT
NW = NDT 7 2
OF = 1.0 7 TTINME

READ(5,8) FORMAT
8 FORMAT(8A10)

THE RAW DATA IS READ INTO THE PROGRAM
THE 4& OPTION IS FOR PAIRED FOINTS,.
THE 47 OPYION IS FOR EQUAL INYERVAL CATA.

IF(J) LEsubab7

46 READ(S,FORMAT) (H{I¥,T(I},I=1,N)
GO TO 45
47 READIS,FORMAT) {HUIIdsI=1,N}
TGy = T1
Ba 5 K=24N
TEK)I=T(K=1}+0T
5 CONTINUE

THE RAW CGATA IS WRITTEN.

45 WRITE (6+1084) (HII)+T(I},I=14N}
104 FORMAT(1X, 10F10.3)

THE RAW OATA IS CORRECTED FOR AMPLITUDE CALIBRATION AND TIME
CALIBRATION,.

IF{J) 50+50,51

5D DO 52 I = 1sN
FEI)= HII) * HCAL
TCIY =T(IY /7 TCAL
52 CONTINUE
WRITE (5,80)
80 FORMAT(1H1, “VALUES OF H AND T CORRECTED TO VOLT ANG SECY/)
WRITE(Hs81) (HIIYTULIVsIS1eN)
31 FORMAT(1Xs10F10.3)
G0 TO 55
51 D0 53 I = 4N
FOI) = H(I) * HCAL
TC(IY =¥({I) 7 TCAL
53 CONTINUE
WRITE(6+180)
180 FORMAT(1H1, "VALUES QOF H AND T CGRRECTED TO VOLT AND SEC"/)
HRITE(H+185) (FL{I}oT{I)sI=14N}
105 FORMAT(1X.10F10+3}

THE TIME INTERVAL IS VERIFIED.

138



0oo0Oon o0 o000

O

139

55 IF{TTIME=-T{N)+TI1.LE.D.000061) GO TO 54
IFtJ) 20,420,212

20 NOT¥=N*y
IFINDT.GT.2000) NDT=2000
DT = (T(NMY=TI)/KDY
ARITE(G,73 NDT,CT
7 FORMAT (1X439HYOUR VALUES OF NDT AND OT ARE IN SRRUR.y/1X+56HIT HAS
* ASSUMED A VALUE CF & TIMES Ne THE NEW VALUES ARE +/71Xs5BHNDT= ,I5,
*10Xy4HDT= ,F10.8)
GO TO S&
21 NOT={(TIN)-FI)/DT
IFENGT.6T.2000) NOT=2000
WRITE{6+9) NOT.OT
9 FORMAT{1X+3IHYOUR VALUES OF NOT AND OT ARE IN ERROR.+7i1XsB8HIT HAS
* ASSUMED DF TO BE CORRECT AND CCMPUTED NOT. THE NEW YALUES ARE ./
®1Xs5HNOT= HI5,1aX,4H0T= ,F10.8)

S4 IF{J) 23,0600
2 CALL DIGIS {HyTeTI+NDT+DT4F)

GO TO 600
3 CALL DIGIC (H4T,TI+NET,DT,F)

600 CONTINUE

48 DO 1D I=1,NOT
F(I)==F(I)
10 FNCI)=I=QT

CALFT CORAWS A TIME AXIS AND THE WAVE FORM,
STLNFT DETERMINES A LEAST SQUARES FIT,.

CALL CALFT (FNyFohDT,LAB)
CALL STLNFT(FNsFaNOToAsBsSGA«SGE)

THIS STEP CORRECTS THE AMFLITUDES FOR THC LEAST SOQUARES FIT.
00 11 I=14NDT
11 FOIV=F(I)-A*I*DT=F

THIS SECTION SETS THE LIMITS ACCORCING TQ THE FREQUENCY RESPONSE
OF THE INSTRUMENT USED.

NOT2=NOT/2
GO TO (70+71+72473) 1V

70 NW=S50*NDOT*DT
MINNW=,1/0F
60 TO 79

71 NW=B80*NOT*OT
MINNW=,72/DF
Go To 73

72 NH=100*NOT*OT
MINNW=.5/7DF
GO0 To 79

73 NW=300.*NCT*DT
MINNW=104 *NDT*DT

79 NW=MINOD{NW,NOT2)

SERTRA CALCULATES THE AHPLiTUDE SPECTRAL DENSITY.
CALL SERTRA(Q.DsNCFoshWsOF 4G oPH WO F)
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THE FOLLUWING SECTION IS USED TO CGRRECT THE ANMPLITUGE SPECTRAL
DENSITY FOR THE DISFLACEMENT RESPONSE QFf THE TOTAL SYSTEH,

60

61

62

63

602

TH

112 FORMAT(17M DIRECT TRANSFORM,6H WO

GO TO (60+61+62+63)41IV

CONT INUE

CALL WHSSCINW,DF+G,PH)
GO 70 o602

CONT INUE

CALL. SCSFC (NHsCF #G»PH)
G0 TO 602

CONT INUE

CALL TIC (NWsDOF 3GyPH)
GO TQ 6l2

CONTINUE

CALL GITTUC (NW.OF+G,PH)

CONT INUE

IS5 SECTION WRITES THE RESULTS.

HRITE(6+112) WHOsDF oIV C(G(II»PHII) s I=14NW)

T JE14s7/74H OF= 51‘407/

#18H CORRECTION TYFE =,I2//1Xs1THNODULUS AND PHASE/{X55(ELS. 6'F10-2

L N}

THIS SECTION PREPARES THE SPECTRAL RE#ULTS FOR A LOG-LOG PLQT.

12

999

NEHWNH= NW=MINNW

DO 12 J=1sNEWNNW
FLJ)=ALOGI0(GCJI+MINNKDY)
FLir==F{1)

FNIJI=OF*FLOAT {J+FINNW)
CALL SPLOT (F,FNsNEWNWsLAR)
CONTINUE

CALL PLOTS.09=1.04999)

sSTOoP
END
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SUBROUTINE O0IGIS (HyT+TI+NDT+IT.F}

SUBRQUTINE FOR STRAIGHT LINE FIT

DIMENSION H(ZO0O0D)T12000),F(2002)
PI=3.1415%26536

I=0

00 20 J=1.NDT
TIME=TI + {(J=1}*DT
22 IF (T(I+1).GT.TIME} GO TO 20
I=1+3
GC YO 22 -
20 FOIV L) +{TIME=TCI I *{H{I4+1Y=H(IIY 27 (T (I +1}=VCI})}
RETURN

END

SUBROUTINE OIGIC (HyT,TIsNOT4OT.F)

SUBRQUTIKE FOR COS FIY

DIMENSION H{ZO0G0) «T(2003) 4F(2002)
PI=3.1415920536

I=0

DO 20 J=1.,NOT

TIME=TI ¢ (J=1)*DT
22 IF (TUI41).GT.TIME) GO 1D 20

I=I+1

GO TO 22
20 FAJISEROIIHH(I+1) ) %0 S+ qH(TI ) =M (I#1)) *05*COS(PI*(TIME=T{I)}/(T(I+1

Cy=7CI¥ M)

RETURN

END

SUBROUTINE CALFT {FN:FeNDT,LAB)}

THIS SUAROUTINE 2LOTS A TIME AXIS ANO RECONSTRUCTS THE WA¥E FORM,

OIMENSION FN(20U2Y,F(2002),L488(3)

SET THE ORIGIN TOQ THE LEFY EZDGE OF THE PAGE.

CALL

PLOT (2l s=10UaDe=3)

SET THE ORIGIN 3 INCHES FROM THE LEFT EOGe OF THE PAGE.

CALL

F'LC!T(I].G,'!-S-D"S!

HRITE THE LABEL.

CALL

SYMA0OL (=1els0aDslalbslAB+39T4426)

SCALE THE AMPLITUDE AND TIME TO FIT THE SPACE ALLOWED.

CALL
CALL

ORAW THE
caLt

DRAN AND
CAaLL

SCALE (F(1)e2+04NCTy#+1}
SCALE (FN{L{)+5.04NDTs+1)

WAVE .
LINEAF(1) o FN(2) s NDT #2440, 3}

LABEL A TIME AXIS.
AXISE0e0s0s0o7HSECONDSy 73540490 co FN(NDT#1) +FNAINDT 21}

RESET ORIGIN FOR USE EY SPLOT.

CALL

PLCT (2+090e00=3)

RETURN

END
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SUBROUTINE STLNFT(X,Y+NsR+B+SGA»SGB)

X=FN {(I.E. PERIOD)

Y=F (I.Z. ARPLITUDE) .

N=NOT.

A=SLOPE

B=Y=INTERCEPT

SGA=ZRROR IN CALCULATING A .

SGB=ERROR IN CALCULATING B.

SX=THE SUMMATION OF X FROM i TO N.

SXX=THE SUMMATION OFf X~SQUARE FROM 1 TJ N.
SY=THE SUMMATION OF Y FROM 1 TO N.

SYY=THE SUMMATION OF Y=-SQUARE FROM 1 TO N.
SXY=THE SUMMATION OF X*Y FROM 1 TO N»

DIMENSION X(N}y YIN)
3X =3.0

SXX =u.0

3y =0.0

SYY =y.d

SxY =0.0

D0 325 I=1.N
SX = 3X + X(I)
SXX = SXX ¢ X{IV*X{I]
SY = SY ¢ Y(I}
SYY =3SYY +¥{I)*Y{I)
SXY = SXY +X{(I)*Y(I)
325 CONTINUE

AN = N

ONOM = AN®*3XX =SX3SX

A = (ANTSXY =SX*SY)/ONOH

3 = {SY*SXAX = SX*SAY}/ONOM
D2 = SYY -A*SXY=-B*SY

SGA = SORY (AN®C2/{ONOM*(AN=2.)1)}
SG8 = SQRTISX*SX*L2/{DNOM*(AN=2.1)}
D2=SART(C2/8N)

WRITE(B+326) A+SGAsBsSGH,L2

326 FORMAT {(//3GH LEAST SOQUARE FIT. Y = A®X & B/JH A=4E£12.005H +0R=y

1212+.673H BR=sE£E120E45H +0R-,E12-6’1X'1QHHIN QEVIATION=,E12.€)

RETURN
END

SUBROUTINE SERTRACDET+MaNWsOF sGoAHHOLT)

DET=A CONSTAAT USeD TO DEYSRMINE FHE TRANSFORMATIGN.
DET=0.06 SIGNIFIES A TRANSFORMATICN FROM THE TIME DOMAIN TO THE
FREQUENCY DOMAIN,
DET=ANY VALUE CTHER THAN ZERO SIGNIFIES
AN INVERSE TRANSFORMATION,
N=NDT=NUMBER OF OIVISIONS.
NW=NOT/2=FOLDING FREQUENCY,
DF=4/TOTAL TIME.
G=SFECTRAL DENSITY IN UNITS OF MM=SEC RETURNED TO THE MNAIN PROGRAM.
FH=PHASE .
WO=O0IRECT TRANSFORH,
T=F=ARPLITUDE CORRECTED TO UNITS OF VOLTS.
X=FOURIER COSINE TRANSFORMATION
Y=FOURIER SINE TRANSFORMATION.
ATANZ (=Y 4=X}=THE PHASE ANGLE BETWEEM THE COSIN:c AND SINE TRANSFOQHS.
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DIMENSION G(NW) ¢ PHINW) s TUN) +CFNE2Z0DD) 4SFN(2000)

PL = 341415926536
CF = 040174532925
AN = N

DO 119 I = 14N
A =1
ARG = (8.28318531%A) /AN
SFNLIY = SIN(ARG)
119 CFN(I) = COS{ARG)
IF (DET) 13141325131

132 00 133 I = tsNHW
G(I) -
133 PHI(I)

G.0
g.0

"o

o x
O<>XxO0

O
[

3 = 1eNW

e gy

0
J
«0
» 0
8 I = 1,N
I*d = N*((I*J=1}/N)
= X o+ T{IV*CEMIY)
140 ¥ = Y = TUIV)*SFNLLIJ)

PHIJI={ATANZ{(=Y4+=X)) /CF +180.
139 GtJ) = (1.0/7(AN*DF*6,2083185311)*SARTIX*X + Y*Y)

U
9
0
0
14

DO 134 I = 1.N
134 Y0 = WO +T(I)

WO = (1.0/7(AN*DF*5.283185311)*%NW0
WRITEL(H+112Y WOL0Fy (GLIDsPHIIIy I = {4NH) .

112 FORMAT(//717H DIRECT TRANSFORM+6H WO = 4E14.7/6H OF = +E14.7/7/
*18H MODULUS AND PHASEY (1XsE15e64F10s29E15a69F10e24E15e6:F 10424
YE1S4B89F10e23E15:.64F104+2)) ‘

RETURN

131 00 142 I = 14N
12 THLI) = WG/2.0
D0 143 J = 14NW
NSG = (PH(JI/360.)%AN
DO 143 I = 1N
IJ = I*J + NSG =K*¥((I*J + NSG - 1)/N}
143 TLI)Y =T{I) + GUJ)I*CFN(IJ)
D0 14% I = 14N
1t TEI) = 12.5663706*OF*T(D)
DT = {1.0)/70AN*DF)
RETURN
END

SUBROUTINE NWSSCUMHsDF 4Gy PH)

WORLO WIOE SEISMIC SYS. CORRECTION FRCM FREQ RESPONSE CURVE
WWSSC (NWeG+OFy ISTARTLISTOP)
NW=NO. OF PTS, IN SPECTRUM
G=MODULUS OF SPECTRUM
OF=FREQ INCREMENT 1/T7
T=TCTAL TIME
SEE SUBROUTINE GITTUC FOR FUKTHER DETAILS.

OIMENSION GCOR(11)+FREGIL1) »GENUWD 4 PHINKW)
OATA GCOR/ 45543004 0s40040+540404580e064+61040025390¢02480e0+
¥310.0+38.041.8/

143
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DATA FREG/419+801e093:25430439106792«0092:50
¥3.33+100450.07
FMIN=0.1
FMAX=50.0
IF{0F«LT.0.1) GO TO 7
FMIN=DF ’
7 IF(NW*DF.GT.FMAX) GO TOD 8
FMAX=NW*CF
8 ISTART=FMIN/DF+0.00001¢
ISTOP=FMAX/ODF
NW=ISTOP
J=1
DO 13 I=ISTART,.,ISTOP
FA=I1*DF
0 IF(FQ.LT.FREQ(JI) GO TO 42
JEJde
GO TO 4
42 VAL=GCOR(J-1)+IGCOR{J)I=GCOR(J=1) I {FQA~-FREQ(I=1))}/
*IFREQLJY-FREQ(I-1))
G{I)=6G(I)/VAL
18 CONTINUE
WRITELG,1066) ISTART,ISTOP,DF
1066 FORMAT (1H1,55H0ATA CORRECTED FOR DISPLACEMENT RESFONSE BETHEEN IST
®ART s ISy IH*DF s LOHAND ISTOP 4IG43H*OF 4/6H OF = 4F8.3)
RETURN
ZhND

SUBROUTINE SCSPC INWeDF ¢GoPH) -

SOUTH GCARQOLINA SZISMIC PROGRAM, FﬂOﬂthSPLACEHENT RESPONSE CURVYVE.
CORRECTION FOR STATICNS SGS5,JKS .0OF ﬁﬁE'SOUTH CARGLINA MET
SEE SUBROUTINE GITTUL FCR FURTHER LeTAILS.

OIMENSION GSOR{18)«FRES(18)+GINWYsPHINK)
DATA FQES/.?Z'069.9|1-'102’2-Do3n7‘.5- 17e910astba020er
#*I00s40as50esblissT0ae80lsr )
OATA GSGR/ZJ.QZE-g30leBtoTZo!iquglaﬂovsiﬂl'QZﬂnosaﬂ-i
¥790.+10104+10504+1075.+1080441067%+1060.+102047/
FHIN=0.T72
FMAX=80.10
IF{OF.LT40.72) GO TO 7
FMIN=OF
7 IF{NW¥DF.GT.FMHMAX) GO TO 8
FMAX=NH*DF
B ISTART=FMIN/DF +0L.00001
ISTOP=FMAX/DF
NW=ISTOP
J=1
DO 18 I=ISTART,ISTOP
FA=I*GF
0 IFLFQ.LT.FRES(J)) GO TO &2
NENLS]
GO TO 4D
42 VAL=GSOR(JI=1)I+(GSOR{JI=GSOR(J=1 1} *(FQA-FRES(J=11}/
FIFRESIJ)=FRES(J=1))
18 G(IN=GII)/VAL :
WRITZ(bs1066) ISTART,ISTOP,Df
1066 FCRMATL1H|1.55H0OATA CORRECTED FfOK OISPLACEMENT RESPONSE BETWEEN IST
*ART 3159 3H*OF 3 10HAND ISTOP ,I5+3IH*DF,/0H DF = ,FH.3)
RETURN '
END
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SUBROUTINE TIC (NW.DF4G,PH)

[
C GEORGIA TECH CORRECTION PROGRAM FOR THE HALL-SEARY SYSTEMS.
C DERIVED FRCM DISPLACEMENT RESPONSE CURVES.
C  SEE SUBROUTINE GITTUC FOR FURTHER DETAILS,
[ .
DIMENSION GTUR(2IY4FRETI23) +GINW) ¢ PH (NW)
C
OATA FRET/e53e75+1e0 41025814501+ 75924092e5+93e09%¢0455e0,
c *7e5p10e04915¢092009300v40095009600470¢+804+4904+100.7
OATA GTOR/G6eb63230E950¢T0784T9111¢29135429161+40+20406,
‘253..3&3-;#35-.653.-571..1306..1689-.2%5#-.3“61..
#3695, 94117 s4433+9475009510E095278./
C
FMIN=0.50
FMAX=100.0
IF(DF.LT.0.50) GO TG 7
FMIN=DF
7 IFINW*DF,.GT.FMAX) GO TO 8
FMAX=NW*OF
8 ISTART=FMIN/DF +0.00001
ISTOP=FPFAX/OF
NH=ISTQP
J=1
00 18 I=ISTART,ISTOP
FQ=I*0DF
40 IF(FQ.LT.FRETC(J)) GO TOQ &2
NENESE
GO TO 40 )
42 VAL=GTOR{JI-11+{GTOR({J}-GTOR(JI~1)1I*(FA=FRET(J~1) 1}/
F{FRETLJ)~FRET{J=1))}
18 GLI)=6GII) /V¥AL
[

WRITE(6+10689 ISTARTISTQP,DF
1066 FORMAT(1H1,55HDATA CORRECTED FOR DISPLACEMENY RESFONSE BETWEZEN IST
“ART s IG+ JH*DF 4 1AHAMND ISTOP 4154 3H*DFs/6H OF = sF3.3)
RETURN
END

SUBROUTINE GITTUC (NWsGF+GyePH) '
GEORGIA INSTITUTE OF TECHNOLOGY TAPE UNIT CORRECTION
DERIVED FRON DISPLACEMENT RESPONSE CURWES FOR THE TOTAL SYSTEM.
INPUT UNITS ARE VOLT-SEC
DUTPUT UNITS ARE MHM~SEC
PH = PHASE )

OGO 0On

DIMENSION GSOR(19)sFRES{19) 3G (NH) 4PH (NK}

; - . .
ODATA REFERS TO THE GIGITIZELD VALUES OF‘JHE INSTRUMENT RESPONSE CURVE.

OO0

GSOR IS DISPLACEMENT IN VOLT/MM. - . )

DATA GSOR/163ODo2539-0|5#82.0-13331up125192-013502600-50768-0:

‘58610.0.703?2-0.106500.01127235.Do15p796.a.15400ﬂ-ﬂy15k566-ns
*153000.0+145G00e0+12440708+102102+0+5863440/

FRES IS FREQUENCY IN HZ. - '
DATA FRES/71040+91540:1800¢20:502700934.0440e094440+5020475:0+
"‘90.0.125-0’140-u-150-ﬂql‘)n-0.175-0'200.5|250001300-ﬁl

[+ Rl
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MINIMUM FREGUENCY TO WHICH THE TOTAL SYSTEM WILL RESPOND.

FMIN=10.0

HAXIMUM FREQUENCY TO WHMICH THE TOTAL SYSTEM WILL RESPOND.

FMAX=300C.0

THIS SECTION PRIVEATS THE CALCULATION OF SPECTRA OUTSIDE THE
RESOLVABLE RANGZ OF THE INSTRUMENTS AND/OR OF THE DIGITIZING

INTERVAL.
IF(OF.LT.10.03) GO TO 7
FMIN=DF

7 IFINW*DF.GT.FMAX) GO TO -]
FMAX=NW¥DF .

B ISTART=FMIN/DF +0.000C1
ISTOP=FHMAX/DF
NW=ISTOP
J=1

00 18 I=ISTART,ISTCP
FQ=I*DF
WD IF(FQ.LT.FRES{JY) GO TD &2
NENTS]
GO TO 40

42 VAL=G50R(J=1)+(GSOR(J)~GSOR(J= 1))'(F0-FRES(J-1))/

* (FRES(JI=-FRESGJ=-1))
18 G(IV=G(I)/VAL

WRITE(6+41(656}1 ISTART,ISTOF.Of

RETURN
EK0

SUBROUTINE SPLOT (F+FNsNW,LAB}

SPLOT IS THE SPECTRAL PLOT SUBROUTIME.

1066 FORMAT(1H1,53HOATA COKRRECTEQ FOR CISPLACEMENT RESPONSE BETWEEN IST
*ART o IS4 TH*OF o L OHAKND ISTOP #I5,3H*OF4/76H DF = ,F8.3)

SPLOT DRAWS LOG-LOG AXES AND PLCTS THE DATA.

F = AMPLITUDEZ SPEZCTRAL DENSITY
FN = FREQUENCY NUMBER
THE PLOTS ARE SCALED TQ A COMMON SIZE,

OIMENSICN FNC2002Y«F (2062)+LAD(3)

THIS SETS THE ORIGIN AT THE FAR LEFT EDGE OF THE PAPER.

CALL PLOT(1.04=10.0G+~3)
THIS PFOVES THE ORIGIN 3 INCHES ALONG THE
CALL PLAT(0uDs+3.0,-3)

THIS OBTAINS A MINIMUFM ANG MAXIMUM VALUE
AMIN = F (1}
FMAX=F (1)
00 1 I=24NW ’
AMIN = AMINLI(AMINGF(I))
FMAXZAMAX 1 (FMAXsF (L))
CONT INUE

THIS CALCULATES THE NUMBER GF LCG CYCLES
SPECTRAL DENSITY (I.E. AMPLITUDE) AXIS.
IMIN = AMIN
CYCLESSIFIXACFHAX)~IMIN+1,
AXLENG=B+b
RESET=AXLENG+4L.(

Y=~AXISa

QF AMPLITUDE.

NEZDED FOR THE
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THIS OBTAINS A REFERENCE VALUE FOR LAEELING THE SPECTRAL OENSITY AXIS
S=*(IFIX(FMAX}+1)
LGSCAL SCALES THE LINEAR DATA FOR A LCGLIg PLOT.
CALL LGSCAL(FNeGssNW,y1)
FONW#1)=IMIN
LENGTH PER CYCLE IN INCHES
FINW+2)=CYCLES/AXLENG
LGLINE CRAWS THE SPICTRUM CF F ¥S Fh FOR NW PGINTS PRODUCING
A + MARK EYERY 4Lg POINTS.
CALL LGLINE{FsFNsNHyl1s40+3+1)
REFERENCE VALUE FOR LABELING THE FIRST CYCLE
FINA#1I=10.%"N
LGAXIS ORAWS THE LOGAD AXIS FOR FREQUENCY ADJUSTED TO THE RESFONSE
RANGE BY FNINW+1i) AND FNINW+2).
CALL LGAXIS (Ua0440.042HHZ 4424540 +90 . oFNINHEL) SFN{NHE2})
LGAXIS ORAMWS THE LOG10 AXIS FOR THE SFECTRAL OENSITY.

CALL LGAXISUANXLENGs0.048HOIS SPEC++8,AXLENGs 1300y
SFAINA+1) oF [NH#2))

MOVES THE ORIGIN IN PREPERATION FOR THE NEXT PLOT.
CALL PLCOT (RESET+0.04=3)

RETURN
£ND
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APPENDIX |
STRIPCHARTS OF MICROEARTHQUAKES

The characteristics of mfcroearthquakes_can often be fdentified
from their '"signatures'' or wave traces. Figufe 36 shows three’extremeiy
small microearthquakes from the CHRA. The dats have been played onto
one channel and time pulses have been played onto the other channel.

This trace wés made with the stripchart runﬁfng at 25 mm/sec. Figqure 37
shows a very similar event which was recorded at 125 mm/sec. Note the
improved resolution. Note the extreme similarify of the general shape of
the spectra in figure'(36) and (37). This similarity suggests that the
events pa%sed along sim}lar propagation pathﬁ after being produdedrby
similar sources. Figure 38 shows a CHRA mi croearthquake that is decidedly
different from those of Figure 36 and 37. Figure 39_shows a microearth-
quake played onto both channéls at different amplitude settings. A great
majority of the wave traces from the CHRA and fhe JRA are_very'similar to

one of these four traces.



S= S EEE== = ===
9280-0258  PRINTED IN U.SA
e s - i
=S = =] = =

Figure 36.

Stripchart Showing Seismic Data and
Time Marks. (Stripchart for numbers
15 - 20 of Table 1.)

= = 2 =
CONTRDLS CORPORATIDN BLFFALD, NEW YDRK

Figure 37.

Stripchart Showing Improved Resolution of

Faster Recording Speed.
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Figure 38, A Representative CHRA Microearthquake
Played at Different Gains.

Figure 39. A Representative CHRA Microearthquake
Played at Different Gains.
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