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Abstract
Theoretical models of seismic sources are developed for
digital data collected mainly at Edmonton and Mexico city.

This thesis uses the first digital data ever recorded for a

= &

major earthquake sequence in Mexico and is the first jttempt
to do a study of source parameters in South West Alberta,
First, source theory &0yd some empirical relationships

in seismology are revieved. Then the source parameters of
the aftershocks of the Oaxaca, Mexico earthquake of November
29, 1978, are discussed. The digital data used here wvas
recorded at an epicentral distance of approximately 500 km
and is the first to b: recorded in a set of permanent
telemetering digital seismic stations in central Mexico
(RESMAC). These source parameters are camparéd with those
calculated using data recorded by éigital stations located
above the source }egi@ni s

' The source parameters of the Rocky Mountain @ause
earthquake swarm were studied using data recorded by the
Edmonton (EDM) digital station. Even though a typical RESMAC
station, and Edmonton station have different amplitude
response curves, and the epi¢2ﬂc£al distances of the events
vere different, the bandwidth of useful information in both
systems was between 0.5 and 7 Hz.
*  Some events of the Rocky Mountain House earthquake
swariff were also studied with a portable digital seismic
station. The data obtained from this station was of much
higher q&ality than the data from RESMAC or the Edmonton
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digital station. Pinally, seismic dats related to the local
L

seismicity of South West Alberta recorded at Edmonton since
"1970 are used to make tentative :eﬁclugig?s about the

. " ) '

present day dynamics of this area.

vi

g



-

LS
Acknowledgements N
Edo Nyland supervised this icrk; E.R. Kanasevich
provided the data anilyzeéiin chapter four, and contributed

considerable much appreciated criticism. T. Garza and C.

\E‘I‘

omnitz of IIMAS at UNAM made available the installations at
TIMAS. J. Brune, Alfonso Reyes, and Luis Munguia provided
access to CICESE-UCSD data. R. J. Wetmiller and she Earth
Physics Branch, Department of Energy, Hings and Resources,
@Efgzjsgave advance access to their data on the Rocky
Mountain House Earthquake swarm. I am grateful to them all.

1 wish to acnowledge the invaluable assistence previéeé.
by Bruce McGavin in my search for records of seismicity and
for permission to use the fruits of his labor at the
Department of Physics of Eh’rUnivefsitY of ilbefta. He and
Panos Kelamis did the field work for chapter four. Charles
McCloughan's patient help in decoding Edmonton station data
tapes is much apéfeeiatgdi

I would like to expréss my gratitude to the staff of

the Department of Physics who made my stay as a graduate
student a pleasure. Especially I thank my good friend iné
fellov student Luis Héﬂguia Orosco who helped me with
innumerable discussions during the course of this stuéy. 1
;;l:q.iish to icknsvlédge my wife, Margarita (Mayo), for her
inviluable understanding and encouragement during this part
of our life.

My grandather, Jose Bustamante Alvarez, to whom this

thesis is dedicated, has given me financial and emotional

vii



N\
support during my career.

This work has been supported by research grants from

Canada. 1 acknovledge the ;uppﬁtt by El Consejo Nacional de
Ciencia y Tecnologia de Mexico (CONACYT) by means of a
scholarship, and the University of Alberta in the form of a

teaching assistanship.

viii

-



-

List of Figure Captions

i L \ ~ o
Figure 1....Morphotectonic provinces of Mexico. page 32

. ]
Figu;§ 2....The response curve for RESMAC and UCSD-CICESE
stations and an index map of the area shéving stations in
‘ - =

1978 7 y page 34

Figure 3....Examples of Oaxaca seismograms. page’ 36

- Figure 4....Variation of the spectra with increasing sample

—

ength. page 40

Figure 5....Tvo examples of spectra for events recorded both
. by CICESE-UCSD and RESMAC stations., page 42
Figure 6....Spectra of the main shock and the first two

aftﬁ:sha:k; recorded at RESMAC ; page 46

Figure 7....The tvo upper spectra show well defined corner

page 47

Figure 8....Comparison of the Oaxaca selismic moments with
the seismic moments of the Rocky Mountain House earthquake
svarm page. 50

Figure 9....Seismicity of Western Canada. page 54

ix



Figure 10....Geologic provinces of the Southern Rocky
Mountains and locations of some seismic events recorded at
EDM4 SES, and PNT. page 56
Figure 11....Magnification curve of the short period seismic

station, vertical component. . : page 58

Figure 12....Histogram of number of events from the Rocky
Mountain House earthquake swarm recorded at EDM against time

with no apparent frequency magnitude relation. page 59

Figure 13....Local events (S-P times of less than 60 sec)

recorded at Edmonton station since 1970 page 60

Pigure 14....Events recorded at Edmonton from the Rocky
Mountain House earthquake swarm, left - complex event, right

- simple event. page 61

Figure 15....Theoretical travel time curves for the Alberta
model at different depths.The best match of Pg, Sn, and Sg
with the theoretical travel tiﬁs curves was for a source

depth of 20 km. page 69

'tiquro'lsu...Spoctra of typical events. The amplitude of
radial and tangential components has been increased in order
to plot them together. The spectra were smoothed with a

Daniel window -DW- of .2 Hz page 74



Figure 17....Plot of local magnitude, source radii and
stress drop. page 77
§ b |

. Figu:e léi!iiCagégfisen of theoretical relationships between

M, and M, for a circular fault with our experimental

relationship, squares are the moments calculated using

¥

Thatcher and Hanks (1973) relation ' page 79

Pigure 19....The location of the Rocky Mountain earthquake
svarm. The dash square indicates the seismic locations
reported by Wetmiller 1981 an the locations of the digital

station. Almost all the locations were near the gas vells

. ';m;\Q 87

Figure 20....Magnification curves of the digital station at
60 and 120 db. The station was operated at 66 db. page 89

Figure 21...,Travel time curves for different depths using
Richards and Walker model 1959, Arrows show S-P times of
approximately .5 and 1 seconds of typical events. b)

Possible deep event ¢) typical event page g9

Pigure 22....Similar events and the spectra of the
transverse T and radial component R of the S wave, PZ is the
P-wave spectrum calculated from the vertical component,

arrows show corner frequencies. page 92

xi



Figure 23....Similar events and the spectra of the ' L,/
transverse T and radial component R of the S wave. PZ is the

P-wave spectrum calculated from the vertical component;

arrovs show corner frequencies. ‘ page 93

~ Pigure 24....P-wvave spectra of the events of figures 25 and
26. These events shov a possible path effect in the corner
frequencies; P-wave corner frequencies were usually higher

than S-wvave corner frequencies page g7

~ Figure 25....Spectra of the vertical Z, radial R, and
transverse T component of the S-wave of the events used in
this analysis. Arrows show corner frequencies. Some spectra

shov possible path inhomogeneities. page 98

Figure 26....Spectra of the vertical Z, radial R, and
transverse T component of the S-wave of the events used in
this analysis. Arrows show corner frequencies. Some spectra

show possible path inhomogeneities. page 99

Figure 27....A comparison of the relation of local magnitude
versus seismic moment for deep events detected at EDM and

‘'shallow events recorded wvith the portable digital station.

Heavy line is logM,=1,3M,+16.6. page 102

Figufe 28....Plot of local magnitude versus log of radiated

seismic energy. GR is the Gutenber and Richter relationship

xii



and TH is the Thatcher and Hanks relationship. page 105
-/

Figure 29....Plot of apparent stress versus stress drop .

The heavy line shows Hartzell and Brune 1977 relation for

the Imperial Valley. Similar events §§¥§§i fEl£ti@ﬁ of
. - page 110
Figure 30....Location of Snfbg, Willmore and McNaughton

events and some events located by EPB from the Rocky

1 ]

"Mountain House earthquake swarm. Dash are depict maximum S-P

time recorded ar EDM equivalent to 120 km page 12p

Figure 31....a)Histogram of local seismicity recorded at EDM

including RMH earthquake swarm. b) Without RMH earthquake

svarm. c) Histogram of some vell defined S-P times ar EDM
page 139

Figure 32....Local events recorded at EDM. Right, it is an
event with S-P=12 sec. Left, it is an event with Sg-Pg=27.3

and Pg-Pn=2.4 and vas located by EPB at 51.95N and 115.76W.

page 43,

Figure 33....Example of the Rocky Mountain House events

‘detected in the analog stations at EDM, SES, and PNT. Some

of those'seishograns do not show clear phases. page 135

Figure 34....Events with S-P times greater than 40 sec

xiii



probably coming from the McNaughton lake area. Right e&gﬂt
has Sg-Pg=44, Sg-Sn=11,5, and Pg-Pn=7,7 sec. Left event has

Sg-Pg=46 and Pg-Pn=11 seconds.’ page 136

Figure 35,....Energy release, cumulative energy release, an§

strain release from the Rocky Mt. earthquake svarm

calculated at EDM since 1976 to 1980 page . .g

Figure 36....Evaluation of the b .value for the Rocky

Mountain House earthquake swarm page 141
Figure 37....A plot of ten first motions in an equal-area

projection of the focal sphere showing probable fault

orientations (D=Dip and DD=Dip Direction) page 145

Figure 38....Seismograms and spectra of Willmore (Ms=3) and

McNaughton (M,=4.8) events. Upper (Willmore) event show EW

and N§ saturated components. Bottom (McNaughton) shows the

vertical component at EDM . : page 147

T R L memeedammam e E vt

xiv



bist of Tables
Table 1....Source parameters derived from RESMAC data

recorded at Cerrillo. | page 37

zﬁﬁle 2....Events recorded at RESMAC and SISMEX stations
—— :

7 fifty two hours after the Oaxaca event. page 39
Table 3....RESMAC spectral parameters for diferent values of

stations. page 44

Table 4....RESMAC source parameters for Q=500 compared with

CICESE-UCSD results. page 45
. _

Table S....Pg-Pn, Sg-Sn and Sg-Pg phase differences recorded
at Edmonton station (N North South and E East West

Components) . _ ' : page 62

Table 6....The velocity siruéturg (Richards and Walker 1959)
page g¢

Table 7....A mqdified version of the Richards and Walker
velocity structure page 68
Table 8....A selection of predicted differential travel
times for the modified Richard and Walker model page 68



Table 9....The bounds on the search for feasible models of

the velocity structure page 71

-

Table 10....The only satisfactory models in a suite of 1000

reasonable ones page 71
Table 17....Seismic moment, source dimension, stress drop,

and local magnitude of some events of the Rocky Mountain

House earthquake svarm page 76
Table 12....Spectral parameters for the events recorded in
the portable digital station page 104

Table 13....Comparison of minimum strain energy according to

Kanamori 1977 and Radiated seismic energy by Hanks and

Thatcher 1972 page 08
Table 14....Active seismic stations in -British Columbia and
Alberta . page 117
Table 15....8vents located by Barth Physics Branch of Canada
from the Rocky Mountain House area since 1976. page 119
Table.16....Table of all the events recorded at Edmonton
from the Rocky Mt. House earthquake svarm page ;59

Table 17....Events from the Rocky Mountain earthquake swarm

xvi



detected at CUM page 132

Table 18....Events recorded at Edmonton wvith cléar S-P
times, that fall in the definition of local activity i, e.

S-P times of less than 60 sec page 137

Table 19....Table of the seismic stations used in the plot

of the equal-area pf%je¢tian of the Willmore earthquake page

142 page 144

S T—

™

1

- H

to

I

+
F [
- L R L ST R ‘;,_.v,__,_,,,;,,,.*,,;;g_ﬁ_“:g B e s N P T ERE

xvii



Table of Contents

Chapter ' fssfgf' Page
' 1

1? Intfﬁdugﬁiaﬁ glii;igiiiggiiiig’;'iiig:iiiii;;'éii-i;iiii;i !
1 L] 1 The Eata D!Eé R ® SR E s SRR RSO E R EE R R EE R EF SRS R EEE i‘
1-2 Sgismiﬂ Sgufﬁe Hﬁgls R E & s & E S F SRRk E SN FoE RS SFOEEEEEE R :

1.2.1 Studies related to Brune Model ..............15
1.3 Bmpirical Relations in Seismology ...........00....20

2. Spectra of some Oaxaca Earthquake Aftershocks from

oY
2.1 Tectonic Background of the Oaxaca Earthquake ......30
2.2 The Oaxaca Data Set R T B
2.3 Instrumentation B T T T T T T I |
2.4 Data Analysis T 1
2.5 Source Parameters ............cc00inrenrnnrnnnnne. 43
2.6 Seismic Moment and Local Magnitude Relationship ’

Of the Oaxaca AftersShockS ...........cevevevnnnros.49
2.7 CONClUSIONS . .i.uitiitrnrennnnnnnenenensnennennn. 49

3. Focal Depths and source Parameters of the Rocky
Mountain House Earthquake Swarm from the digital data B
at Edmonton S st et st iassascacra s st e taavasannenneesD2
3.1 INtroduction .. ....itiuiiiirnrnerentreeaneneomnn...53
3.2 Analysis of the Data . 1
3.3 Analysis of Refracted Phases _i;g;.ig;...jg:..-_...éi
3.4 Spectral ANAlySis ....iuiieiiiiiietnienrnennnnn T
3.5 Seismic Moment and Local Hag%itude Y &
3.6 Conclusions R LR TRTR Y - 3

4. Source parameters from shallow events in the Rocky
Mountain House earthQgBake SWarm .......................84

4.1 Dié@tal Recorder T e - ¥

A

xviii



4.2 Bvent Locations ......ccveeeeneee ceesssacnas R - ¥
4.3 Calculation of the Spectra ..... ...cceeieeccecnces .93

4.4 Source Parameters and Discussion of the Spectra ...95

4.4.1 Purther Pield WOrKk .......cceeeoeecceanss ... 109
- 4.5 Conclusions ........c00.. ceccsserisssscesas I B B
Other seismicity of South West Alberta and
Conclugions ........cicieiieeeencsccconcnananas R R L
S.7 Previous Studies ........cc0c000.. ceeenn ceeans cees 16
5.1.1 Seismicity in South West Alberta as Seen by
z“onton ® ® & & & 06 0 % ¢ 0 8 9% 0" s 08 0 0 00 *® o & 0 0 0 0 0 ..l..121
5.1.17.1 Relation to the Mica Array ......... 129
.':/’/’
5'1.2 smry ® ® & 0 & 9 0 0 5 0 8 0% 9 e 08 e 80 e i..........l.13o
S.1.3 Energy release and b value of Ahe Rocky
Mountain EarthqQuake swarm ......... PP I 11
5.1.4 The Willmore Barthquédke ...... Leeesesnceanea 141

5.2 On the relation of Source Parameters to Tectonics 147
5.2.1 Speculations on Tectonic Implications ...... 148

5.2.1.1 Comments on Quantitative Aspects of
Plate Dynamics ..... R - 2 5

5.2.2 A Speculation on the Cause of the Rocky
Mountain House Earthquake Swarm ...... ceesss 183

§.2.2.1 Is There a Relationship to the
Athabasca AxiS? .....cce0000n P §-1

5.3 SUMMATLY Of CONCLUSIONS .y.vverrvecucnceaenoacenessl58

References ............... Ceceseeseenn B 1
Appendi‘ 1 --------------------------- o..o....'..‘.’l‘l.177
Appendil 2: Pl’Ogl’.- listings s 0 0 0 00 o‘c ¢ 000000 o'tn LR ) c .1’90 )

o

xix .



~

Geophysical data, such as observations made on earthquakes,

1. Introduction
have been described, only partly facetiously, as of type

reason for this lies in the fact that a controlled

experiment in earthquake seismology is impossible and that

the zanfiguritien of observing equipment is only partly
designed with basic research in mind. The underlying problem
in earthquake seismology is then to analyse Type III data
sets and to éxtract from them scientifically valid
conclusions. In this work I investigate 3 such data sets,
shov that limited conclusions about the nature of the
mechanism that generates the events are possible, and that
" these conclusions have geological implications. ish

With the exception of California and Japan, earthquakes:
do not ofteéen happen in areas well instrumented to study the
response of the earth to this stimulus. Much of our
knowledge of these phencmena is thus derived from
observations made at a distance combined with models of
processes at the source. The verification of the legitimacy
of Ehese models and Ehe determination of their free
parameters is the concern of observational seismology. The
data on which suéh'invgjtiggtian: are based are the records
of vibrations induced at various seismic stations around the
world by the earthquakes.

Effective analysis of these reéards is limited by the

means available to process the data. Until recently the
} -



recording -ediu: for the data was phatagraphi: paper.
Although it was relatively easy to determine the time of
arrival of the wave on such a record a systematic study of

~the spectral content of the signal was truly painful. Even
computer aided digitization schemes required numerous
corrections for unfortunate properties of the data recording
scheme. Surprisingly, modern versions of the original
seismograph, a sharp stylus scratching smoked paper, are
still in fairly common use.

The appearance of technology which allowed digital
recording of seismic data (see Aki and Richards Section
11.1.2 1980) changed the nature of seismic investigations
dramatically. It now became possible to manage, vith the aid
of computers, very large sets of data. In particular the -
spectral characteristics and the nature of the radiation
pattern from g;fthquakesrcauld be investigated. The work
done on the LASA network (see for example Engdahl et al
1970) is one example of the processing that évelvedi
Recently the appearance of cheap digital technology has lead
to the spread of these techniques from large expensive
installations to smaller research operations.

In spite of the developement of technology, the
distribution of seismic stations in many parts of the vorld

S};&Ear from optimal for iﬁ%estigati@n of the spectral B
~characteristics of the radiation pattern of seismic events.
This does not mean data acquired at such installations is

useless, merely that there are limitations to its value.



Since many such installations now exist in the world it is
useful to ask not only what aobservations on these
installations tell us abo&t the spectral characteristics of
the seismic source, but also to vhat dégree the limited
scope of the installation limits the value of its data fafg
such investigation;. '

I discuss here the analysis of 3 sets of such data. The
first objective of the work wvas to determine in so far as |
‘'vas possible the nature-of the source that gave rise to the
seismic signal. Clearly understanding of this source must
have implications for the physical process causing
earthquakes and a second objective vas to connect the
measured characteristics dt the‘signal to acceptable models
of the source. The parameters of these models hopefully will
cast some light on the exceedingly complicated process
generating seismic events. As a byproduct of the study I
came to some conclusions about the relationship between the
capabilities of the observing system and the resolution in
the source that could be achieved.

Studies of source parameters, such as those reported
here, are of great importance in seismology because they gan
show regional difterences ingthg earthquake generation
procoss. In other words, regxonnl tectonic prage:iéi can
give rise to variations in the source related parts of the

spectra of seismic signals. Evidence of such changes is

contained in the radiated elastic wave energy.
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One of the more powerful technigques for such studies is
the analysis of the spectra of body and surface vaves in the
near and far field. Study of the spectra in the far-field
give us average properties of the source, %“55 as seismic
moment (strength of the fault), and average st}gss drop. On
the other hand, the study of near-field spectra gives us
details about the rupture process. Such details include
complexities of the rupture process, energy focusing,
maximum and minimum displacements, and velocities and

-

acelerations as a function of azimuth.

1.1 The Data Used
The data sets [ used are

1. The aftershocks of the Oaxaca (November 29, 1978)
earthquake as recorded on a digital station 500km from
the epicentral zone. i

2., The events of a svarm of small magnitude earthquakes
near the.Canaéian Rockies as recorded on a
digital/analogue station 180km from the epicentral area.

3. And the records of this same svarm recorded on portable

digital seismic recorders above the swarm.

seismic data set. It originated from RESMAC in Mexico and
Edmonton station in Canada.
At the end of 1978, vhen the Oaxaca earthquake

occurred, RESMAC had only three stations in operation,

f

=



Cerrillo (CRX), Mexico city (MEX), and Acapulco (ACR). In
addition to the RESMAC stations, the SISMEX stations
Tongﬁt;iﬂtla (IIT), Santa Rita (IIC), and El Pino (IIP),
provided additional information. Typically with a limited
network of stations, such as this, epicentral locations near
the shock cannot be significantly improved. It is pessible;
hovever, to do spectral analysis of body waves of the
aftershocks of the Oaxaca earthquake, and compare our
results vith the spectral analysis from the portable digital

]
stations deployed by others above the aftershock area. The

Bdmonton is the only permanent station in Alberta that
records in analog and digital format in its six components
(short and long period), and the only one in Wgstefn:éanada
that records in digital format. It was designed to record
teleseismic data (McCloughan and Kanasewvich 1974), it
records 18 samples per second in the short period and three
samples per second in the .long periaé signal, It has an
amplitude response curve typical of the World-wWide Standard
.Seisnegr:ph Network.,

All useful information from this station is archived on
magnetic éapiz at the Department of Physics of the
University of Alberta. The information recorded at Edmonton
from the South West Alberta of the Rocky Mountains and
particularly from the Rocky Mountain House earthquake swarm
allows a study of this activity. Epicentral locations are

generally done by Barth Physics Branch, Department of Energy
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Mines and Resources in Ottava, consequently, in order to
mprove those epicentral locations a network of stations
abgve the epicentral area is desirable. )

%

I did the spectral analysis of the body wvaves of the

Rocky Mountain House earthquake swarm as observed at
Edmonton, in order to investigate the earthquake source, and
the analysis of the refracted shear vave Sn in order to
calculate focal depths of those events showing clear Sn
phases in the digital records.

In chapter four I analyse a frac:Eaﬂ of ;thg Rocky ,
He;nt;in House enrthéuike swarm recorded on a Spregnether
DR-100 digital instrument. The results obtained are far
better, and the source parameters are more representative of
the active area; Howvever, in ofder to improve this b
information more than one station above the earthquake
source is necessary. Then it would be possible to obtain
fault plane solutions and determine principal stress

orientations in this area.

1.2 Seismic Source Models

All these studies explicitly or implicitly require a
model of the earthquake source. In general the source model
consists of the intuitively reasonable assumption ﬁhat over
a finite surface, the fault plane, within Eﬁe earth
(modelled. as p;:fectly elastic) there exists a éis:@ntinuity

in displacement. By analogy with usage in solid state



physics this is generally known as a dislocation even though

the scale of the é:eceéses in seismology is much larger apd

pays no heaa to atomic structure. In the more ggne:al case

there cgn also be a discontinuity in the traction on the

fault plane. The resulting displacements in the model can be xxﬁa%%
calculated using the representation theorem (Aki and

Richards 1980 equation 2.41)

- 7 V =

y

+ f dr f'f {Gin(E;t!T;§;Q)Ti(ﬁ(gotfiﬁ)
-0 - - |

- u i (6/ T)cljkl(g)nj Syn E;E-f;i,o)} ds(€).

If the size of the fault plane is small egmpafeé with tﬁe
epicentral distance to thé detector the displacements can be.
separated into terms that decay like r*"a%d terms that
decay as higher §eicf: of r (r is the epicentral distance).
Displacements that decay like r-' are called far field
displacements and terms that decay at higher powers of r are
called near field (see Aki & Richards 1980 page 73). One
characteristic of the far field is that it can be separated
into P and S displacements. In the near field (distances of
the order of the fault length) we have iixedstand S body

VAvVes.



The problem in source studies is to characterize the
time evolution of the éisgentinuitigs on the fault Eléﬂe.
Obviously additional physics is needed for there is nothing
in the theory that indicates wvhen a discontinuity will
appear (an earthquake will start) or vhen it will stop.
Since the physical properties of faults are largely unknown
seismologists assume time histories and fit them to spectral
properties of the radiated elastic energy or to the actual
signal shape as observed on seismographs. .

There is a useful simplification of the representation
theorem. If we introduce the concept of a moment tensor to
~describe the source, the representation theorem acquires the

~form (Aki and Richards 1980 equation 3.22)

u(irt) ‘ffﬂl [rape .
n f Pq Gﬁqudzﬁ

rééuireé to obtain equivalent forces for an arbitrary
displacement discontinuity in an anisotropic medium. In
other words, the equivalent forces corresponding to an
infinitesimal dislocation can be represented as a
éantinatian of zha;e‘niﬁe vector dipoles. Those nine dipoles
- together constitute the seismic moment tensor and Hgve units

of moment per unit area (dynes-céntimeter). The components



of the seismic moment tensor for a constant slip on an

infinitesimal fault in cartesian coordinates are given by:

2

M“ = - HQ (sin § cos A sin 215 + 8in 26sin A sip e ),

M =M (sin 3 cos )\ cos 2¢ + 4 8in 28sinksin2e) = M

Xy o 5 s Myx,
A\,xz - . Aig lcos & cos A cos ‘; + cos 28 sin ) sin ‘s) - sz‘

ﬂ,yy M, (sin & cosr sin 26, - sin 26 sin A cos? e,
"Y'Z = g‘ﬂ‘; lcos § cos ) sin 6, - Cos 2§sin ) cos o, = '.va
mﬁf M:’: sin 25 s8in)"’

G

Where M, is the seismic moment, ¢, is the strike of the

fault, A is the rake (rake is the angle between strike
direction and slip), & is the dip, and M,, are the
components of the seismic moment tensor. The constant term
M, is the static seismic moment and gives us the strength of
the fault. The dislocation is a function of time, therefore
the seismic moment tensor is also a function of time since
it depends directly on the average dislocation along the
fault.

The problem of observation interpretation then Qiccmg;
‘the calculation of properties of the moment tensor and the
Eu:théf interpretation requires connection of this moment
tensor to models of the discontinuities. Steketee (1938),

Maruyama (1963), Burridge and Knopoff (1964), Brune

(1970,1971), among others developed a general theory for the
the

faulting process in an elastic medium. They assumed that



10

rebound theory is valid for shallov earthquakes, and
‘calculated the displacements using the representation
theorem. Although their work preceeded the formal statement
of the moment tensor representation i; is easy to derive

formulas to connect moments with discontinuities. Excellent
reviews of source theory can be found.in Archambeau
(1968,1975), Ben-Menahem and Singh (1972), Johnson (1979),
and Sahay (1980).

Seismologists usually follow either a kinematic or a
.dynamic approach. In the kinematic approach the earthgquake
process is specified by the starting size of the
discontinuity, the velocity at which slip spreads over the
fault, and final dimensions of the region over which the
slip has occurred. In the dynamic approach to the earthquake
crack nucleate in a preexisting stress field which causes
stress concentrations around the tip of the crack which in
turn cause the crack to grow. Time history of the rupture
velocity of the crack as vell as self-similarity are assumed
(If a function u(x,t), the solution of the shear dislocation
for example, is a homogeneous function of x, t of degree 1,
ve say that ge have a self-similar solution),

\ Given sﬁch ;ssuptiené the wave gqg;ticﬁ with appropiate
boéhﬂgfy conditions cutside the source region tan be solved
by developing a Green's function (see Aki & Richards 1980
sec 4.2). This Green's function can be convolved with the

source term in order to obtain P and S displacements.

=



:L "

Clearly such displacements carry information about fault
orientation, source strength (seismic moment), and have a
directivity pattern or radiation pattern.

Seismologists do not usually have sufficient data to
they are restricted to determining M,, the seismic moment.
Several methods can be used to calculate the seismic moment.
Geodetic measurements estimate the average dislocation at
infinite periods (D), hence knowing the fault surface, A,
(for example from the aftershock area) and assuming the
shear modulus ( . ), the moment is given by M,=uDA. However,
a more common method for ealéulating the seismic moment is
from the spectra of the far-field displacemenpt of body
waves, surface vaves or free oscillations of the earth.

The spectrum of the body waves gives the moment at
periods of the order of seconds. Therefore this moment is
more affected by anomalies in the spectrum resulting from
local complexities of the earth structure which give rise to
long-period surface waves or free oscillation data is less
_affected by structure complexities, since it is calculated
at periods of minutes and hours. Values -of M, range from
about 10°°* dyne-cm for very large earthquakes to 10'?
dyne-cm for micro-earthquakes, and 10’ dyne-cm for
micraff;ctufes laboratory experiments in rocks (Aki & -

Richards page 49).
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Observational studies are directed primarily at
obtaining the data necessary to either check the theoretical
studies or investigate the consequences of interpreting
earthquakes in terms of a specified model. This process can

xbe done in two different vays; in the time domain, by
adjusting the source parameters until a reasonable agreement
is achieved between synthetic and observed seismograms, and
in the frequency domain by inferring those characteristics
of the spectra such as the long pefi@d level, high-frequency
asymptote, and corner frequencies, that can be directly
related to the source properties.

Brune's model (1970, 1971) follows this last approach.
It illustrates both the virtues and difficulties of this
problem. The Brune model is simple enough to be a reasonable:
anfl E:a:tggig representation of some properties of an
earthquake, It is in fact femagkabiy successful.

*Nevertheless it is by no means a complete description. The
éreperties of an earthquake derived by assuming Brune's
model to be correct are best thought of as a more compact
and transparent representation of the seismic observations.
Their cann;ﬂtian to real processes requires further
analysis. Perhaps the current state of this science is best
illustrated by the undoubted fact that most observations can
be fit to such a simple model in spite of its obvious
physical deficiencies.

An earthquake source can be modelled (Brune 1970,1971)

as a tangential stress pulse applied instantaneously to the
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interior of a dislocation surface (this implies a
nonphysical infinite rupture velocity). The total shear
stress available to accelerate the twvo sides of the fault is
the difference betveen the initial stress and the dynamic
frictional stress vhich is of the opposite sense to the
initial stress and always acts to resist the fault slip. If
the movement across the fault is such that the shear stress
acting across the fault has decreased to the value of the
frictional stress (Orowan 1960 see also Pilant 1979 page
392), then the stress drop is egual to the total or
effective stress drop, othervise wve have a fractional stres;

drop. The fractional stress drop is defined by Brune as:

ez 91=90 . 9-%
g g,-a

vhere o, is the initial stress, c; is the dynamical frictional
stress, o,is the final stress ( %) and is the total or

effective stress drop.

The moment, source dimension, and fractional stress
drop for the proposed mddel can be related to the spectra of
the far;field displacement of .an SH body wave. The long
period level of the spectrum is proportional to the seismic
moment, and the intersection of the long period level and
the asymptote at high frequencies defines the corner
frequency vhich is related to the size of the fault. This

spectrum corresponds to total stress drop. If ve do not have



a total stress drop (€<:), the long period level of the
spectrum is reduced to ¢ times its value for a total stress
drop.

Brune obtained tgé corner frequency by considering a
balance of energy around the dislocation surface. This
corner frequency in the spectrum can arise from finite
energy flow ai:ylfrsﬁ the dislocation surface, from finite
rupture velocities or from finite length of the fault.
Later, Hanks and Wyss (1972) extended Brune's theory .
empirically to include P-wave spectra for non-circular
faults.

The decrease in the amplitude spectra at high
frequencies proportional to «-?! and «"' was first proposed
by Aki ‘(1967). In the Haskell (1964) model falloff is as

w-'. In kinematic models the effect of finiteness and

smoothing factor of w-' at "intermediate” frequencies given
by the envelope of sin(X)/X (see Aki and Richards 1980 sec

factor p;oportieﬁil to & '. Thus, the spectra have a flat
part at low frequencies, a corner frequency, an «~' ‘
dependence at "intermediate” frequencies, and a o~ ' decrease
at high ftequ;ncigs. Asymptotes in the spectra at high
treqp'ncios have Pegn observed in the range from 1 to 4.

The spect:um?cf SH reflects source properties since SH
does not spffgf‘genversigﬁ of phases at sharp interfaces.

f , , . ,
However, we need to rotate the horizontal components (NS and
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EW) in order to obtain the horizontal components of motion
transvefse to the azimuth from tkt epicenter’ to the station.
Corrections applied to Sé spectry are: free sur face
amplification, (for SH this is 2 and for SV it should be
calculated, see for example Nutlli 1961), radiation pattern,
instrument response, and attenuation, Q (generally taken as
independent of frequency). _

Other earthquake source models (Haskell 1964, Savage
1972, Dahlen 1974, Burridge 1975) are discds’fd in the next

_ section, and compared with the observed results obtained

with Brune's model.

1.2.1 Studies related to Brune Model
Theoretical models which assume a rupture velocity
predict corner frequencies as a function of azimuth
(Madariaga 1976, Vargas et al 1980). Theoretical models of
long narrow faults predict similar corner frequencies for P
and S wave spectra. Models of'equidimensional faults predict
grtater corner frequencies for P waves than those for S
vaves. Molmar, Tucker and Brune (1973) analysing the.spcctra‘
of P and S-vaves of the aftershocks of the San Fernando
earthquake, concluded that their observatidns were
" consistent with a'model which treats earthquakes as
approximately equidimensional. o
Ssavage (1972) comparing the spectra of the Haskell
model (1964) with Brune's model found that they have similar

relations between the fault dimension and the corner
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frequency in the displacement spectrum. One of tﬁe
characteristics of the spectra derived from the Haskell
model is that P and S-vave corner frequencies are similar as
long as the rupture velocity is subsonic, i. e. vith a
dislocation velocity less than the S-wvave velocity. Later
Savage (1974) explained that the Haskell model he considered
in 1972 can predict that P-wave corner freguency may exceed
the S-vave corner frequency if near-sonic af supersonic
rupture velocities are considered. Laboratory e:per:ﬂts

along pfgd%xisting shear faults shov rupture velocities from

1978, Vinogradov 1978). o .
Dahlen (1974) also considered a kinematic model in
order to explain the observed ratio of P to S corner
frequencies obtained using Brune model and later empirically
extended by Hanks and Wyss, He assumed that the rupture
nucleates at a single point on the fault surface and spread
subsonically. He found that the ratio of P to S corner
frequencies is less than unity at all points of the focal
sphere. ‘
Burridge (1975) modified Dahlen's model for shallow
earthquakes in order to analyse the controversial frequency
shift of ;hgnearﬁcr frequency. He :ansidgfgé that the
rupture nucleated at some point and began to pfeégggzt at
the P speed, slowing down in such a way that the initial
btea?ﬁgnve:ns the high-frequency cantéﬂt of the spectrum.

This/ model p:eéicts that in 70 per cent of the focal sphéfe

s



17

the P corner frequency is higher than that of S while in the
remaining 30 per cent, S corner frequencies are higher Eh?ﬂ
P corner frequencies. This is more or less in agreement vith
the observations, see for example Molnar Tucker and Brune
(1973).

Brune et al (1979) analysed the effects of bilateral
and unilateral dislocation ruptures on the far-field
displacements. They found that the pulse shapes are strongly
dependent on the azimuth. This is equivalent to different
corner frequencies at different azimuths

Tucker and Brune (1977) analysed the spectra of the
attershocks'ot the San Fernando earthquake using a great
variety of instruments at different hypeégntr;l éigtancgs.
They found events with one and two :arner-:requen:ies!
Events with a single corner frequency vere consistent with
faulting confined to about 0.! sec in time or 500 m in
space. About half of the larger events had two corner
frequencies which are consistent with an initial rupture
that grows during about 2 sec and to about 6 km. They
explain the events with tvo corner frequencies as fore-slip
vith a high dislocation velocity followed by afterslip with
a low dislocation velocity. The calculated stress drops for
those events lie betveen 1 to 300 bars.

Hanks (1981) in a review of 36 source mechanism studies

comments,
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"The corner frequency shift is a very common

condition of the far-field body wave of earthquakes, .
vith no discernible dependence on earthquake source
strength, hypocentral distance, depth, or recording
device; and the frequency shift is the manifestation
of an intrinsic property of earthquakes, source
finiteness."” .

His conclusions :enszrijﬁxthgcriticgl earthquakes source
models. Greater P-wvave corner frequencies than S-vave corner
ffequeneigj are in general observed. Hovever, there have |
been some cases of smaller P corner frequencies. This may be
due to the analysis of data from a single station which can
be affected by complicated local effects (see for example
Bakun et al 1976, Rebollar et al 1981).

Pault slips for small events obtained using spectral
analysis have been found to vary substantially with the
distance at which observations are made. In deep mines they

. can be several orders of magnitude less than those measured

T,
\Eazg§§i52¢tlf (McGarr et al 1979). However, fault slip caledulated

from spectra of large events usually agrees with geological
observations.

Stress drops of the order of kilobars have been found
in laboratory experiments on brittle fracture of rocks,
vhile stress drops of natural earthquakes lie in'thg range
of a fev bars (1-100). McGarr et al (1979), found that
tremors in deep mines appear to be associated with stress
drops of the order of 1 kilobar. Consequently, they
postulate that a certain amount of stress inhomogeneity is
required before failure occurs. This may imply large

concentrations of stress in localized regions.
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Miyatake (1980a) investigated a three-dimensional
dynamic crack model in infinite and semi-infinite
homogeneous elastic model using the finite difference
method. He considered different strength distributions on
the fault and investigated the effect of fault strength on
crack propagation. For lov strength the shape of the rupture
front is elliptic, with a rupture velocity of the order of P
along the major axis and vith a rupture velocity close to S
. along the minor axis. Relatively high strengths produce a
nearly circular rupture front with a ruﬁture velocity nearly
equal to S. For a line barrier in the fault (like that
proposed by Das and Aki 1977), he found that the rupture
propagated backwards, generating multiple shocks. In the
case of random strength distributions on the fault, highly.
irregular }upture'propagation is generated and in some cases
unfractured regions remain.

Miyatake (1980b) analysed the near and far field
displacement as well as the shape of the spectrum due to
different distributions of strength on the fault. He found
that complex seismic waves including multiple shocks are
generated more by irregular propagation of the rupture than
by a complex source time function. The analysis of the
spectrum in the near-field shows a variable slope at
high-frequencies with almost the same corner frequency for -
uniform strength, line barrier, block barrier, or random
barrier. Far-field spectra also show a variable slope at

high-frequencies.
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1.3 Empirical Relations in Seismology

It is an implicit assumption in seismology that
earthquakes which occur in the same region will have similar
source properties. This is true in spite of the fact that
there can be a large range of magnitudes in a particular
region. This similarity assumption (Aki 1967) implies that
relationships might exist betveen variocus aspects of the
source in tﬁg population of all earthquakes in a region.
These can be investigated by analysis of statistical
distributions of source properties. Various authors have
proposed various such relationships. Since the use of larger
populations may allow avié;gc statements about a source
region, and since I use this device in the vork that
~follovs, I nov review these relationships.

Originally (Richter 1935) the magnitude of an
earthquake was empirically related to the maximum amplitude
measured in a standard seismograph, the epicentral distance
and depth of a local earthquake in California. Evidently
this magnitude was related to the energy radiated from the

earthquake source. The first attempts to relate local

(1942, 1956), they also proposed vhat they called a unified
magnitude mb, that is derived from body waves recorded at
teleseismic distances. C |
The usually accepted relationship between local
magnitude and energy is log(Es)=1.5(Ms)+11.8, vhérg

according to Richter (1956), Ms (surface wave magnitude) is
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an approximation to local magnitude for shallow earthquakes.
(An excellent treatment of the definition of earthquake
magnitude is given by Pilant 1§79 page 385). Another

independent relation.given by Bath (1958) is
log(Es)=1.44(Ms)+12, 24,

Equations that have been used in energy éalculations
are those obtained by Starr (1928 equation 18) and Knopof £
(1958 equation 33). Tsuboi (1956), assuming that shallow
earthquakes have a certain voluminal upper limit to support
concentrations of stresﬁes, calculated a relaéidh between
energy and fault area ¢cm’) given by B-GOO:A“"(ergs).
Pilant (1979), using simple physical considerations,
calculated the energy necessary for a crack to return to its
original position before rupture, and obtained Es=(M,/ u )x

nG . wheren is the seismic efficiency ng is the apparenf
stress, and u is the shear modulus.

A theorafical‘relation between energy‘and“source
dimgz?ion va;(cgféulated by Gibowics (1975), u;ing Randall
(19;72;) expression for the seismic energy Es-(l/g) o M,/
and';.ilis Borok (j959) expression £Qf;§§e scis&%g moment,
M.=(16/7) 80 r’, that i's given by - o i

W

logi!s)leog(M.)-3log(r)¥27.14 (cgs units).

w
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With nev data and improvement in the understanding of
earthquake sources, new empirical fela:iéﬁshiés between
source parameters (seismic moment, source dimension, stress
~drop) and local magnitude, surface vave magnitude, body wvave
magnitude and a nev earthquake magnitude (Mw) proposed by
Kanamori (1977), have been developed.

The first attempt to relate seismic moment to
earthquake magnitude vas made by Brune (1968). He also gave
a method for calculating the average slip along faults. Wyss
and Brune, 1968, analysed the surface vaves of thirteen
earthquakes in California with local magnitudes ranging from
3.2 to 5.5. fhey found the rglatieﬁéhgpz logM,=1.4M,+17,

.Thafcher and Hanks (1973) systematically studied source

local magnitudes in the range between 2 and 7. They found

empirica nd theoretical relationships between local

nd source parameters, The relationship of seismic
moment an¥ local magnitude (logM,=1.5M,+16) was similar to

that found by Wyss and Erune (1968). They also showed:

M,=log(M,)-2/3(log(r))~17.8,
log(M,)=2(M,)+14.2-10gAc , ; _
log(2r)=(2/3)M,+2.9-(2/3)1og A0 , (cgs units)

for earthquakes with magnitudes from 3 to 7. Here, M,
-~ i .
(seismic moment) is in dynes centimeters, r (source

dimension) is ¥n kilometers and Ac is stress drop in bars.
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Source dimensions of zbese events lie betwveen 0.6 to 25 km
and stress drops betveen 0.3 and 200 bars. There is some
scatter in their data, therefore, these relationships should
be used with caution in other tectonic settings. They are
useful in the sense that they can be compared with similar
empirical relationships from other tectonic settings.
Randall (1973) combined the spectra of the far-field
displacement and the response of the Wood-Anderson
seismograph, in order to calculate a set of relations

betwveen source parameters and local magnitude. Gibowics

theoretical curves of local magnitude against seismic moment
as a function of source radius and stress drop. Rnaiiﬂg a
given event with M, and M, it is possible to estimate the
source radius and stress drop from those curves. As the
source radius decreases so does the seismic moment. From the
graphical relations of Randall (1973) Gibowics calculated
logM,=M,+17.16, for events with source dimensions less than
500 meters. This relation is similar to that calculated by
Rebollar et al (1982a), using Sato-Hirasawa model, for

similar source dimensions. Bakun and Bufe (1975) found
lcgn,-(1iszio_95)u‘*(16.2:0_1)

for events with magnitudes in the range from 1 to 5 in

Central California.
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Kanamori and Anderson (1975) found theoretical
relations betwveen seismic moment and surface wvave magnitude
using the Haskell model and assuming similarity conditions,
i. e. the ratio of length to the width of the fault (aipecé
ratip), the ratio of average dislocation to the length of
the fault (constant strain drop), and the ratio of the
product of risetime and rupture velocity to fault length
(constant effective stress or dynamic similarity). Those
relationqhipg are: Ms=logM, for small earthquakes énd short
risetimes, Ms=(2/3)logM, for earthquakes with magnitudes
betwveen 6 and 8, and Hs-(1/3)iag!. for great earthqguakes,
Further similarity conditions have been investigated by
Ben-Menahem (1976, 1977), and implicitly by Iida and Aki
(1972), who included the Mach number, i. e., the ratio of
rupture velocity to phase velocity. They also obtain a

relation between seismic moment and source area given by
logM.=(3/2)1logS+log( 1680 /7 v'%)

This is a linear :gl;ﬁianghip for a constant stress
drop. A plot of seismic moment against fault area for
published data indicates a constant stress drop between 10
and 100 bars for inter- and intra- plate earthquakes.
However, inter-plate earthquakes seems to have itrgss drops
around 30 bars and intra-plate plate events around 100 bars.

Geller (197§) assuming a stress drop of 50 bars

obtained



lagﬁ.iﬁi*1a;89 for | ‘ | . 6.762Ms
logM,=(3/2)M8+15.51 for 8.122M82 6.76
logM,=3Ms+3.33 for ' 8.222Ms828.12
Ms=8.22 for logM,228

However Sato (1979) argues that such detailed relations
cannot hold due to the uncertainity of the data. Ohnaka
(1978) implicitly assumed the constant strain drop
similarity and calculated a linear relation between
log(M,D/L) and 1é¢§%§and surface vave magnitude for
world-wide and California earthquake data (D‘is average

dislocation and L fault length); he obtained

log(M,D/L)=(1,089+0.1)Ms+(8.8222.05) Ms25.5
_ log(M,D/L)=(1.88£0.08)M,+(9.07£1.49) for 2.0sM,36.8

In fact M,D/L is the seismic energy_sﬂg defines the

fault area (AF ), and calculates
log AF =(1.07£0.03)M,+(12.81%.64)
Followving a different approach Sato (1979),

theoretically re-examined the empirical relationships

obtained by other investigators, and suggested
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logS(km?)=M-4.07
logD(cm)=0.5M-1.4

léqﬂa(dynE*cm)-1i51ag5*27.§

*Where M is the earthquake magnitude, S§ fault area, D
the mean dislocation and M, the seismic moment. These
relations assyme a constant strain drop (dynamic
similarity), proportionality of seismic moment to seismic
energy (constant apparent stress), and the relation
logT.=0.5M where T, the predominant period of particle
velocity. He compared results of Utsu and Seki (1954),
Berckhemer (1962), Bath and Duda (1964), Chinnery (1969),
Kanamori and Anderson (1975), and Ohnaka (1978). He argued
that the discrepancy in the coefficients in these relations
could be due to the use of different data and uncertainities
in the evaluation of source parameters and magnitudes.

Kanamori (1977), considering the saturation problem of
earthqgake'magni:uée for great earthquakes with fault
lengths grgéter than 100 km, pfépé;gﬂ a new magnitude scale
as a function of the strain entrgy drop (difference in
strain energy before-and after an earthquake). Thié sgale

does not suffer satur#fion and gives a minimum estimate of

the strain energy for a partial stress drop. The strain
energy is calculated via the seismic moment, i. e. E,=(40 /2

4 )M,, and the magnitude is calculated using the Gutenberg
and Richter energy relation given by logE,=1.5Mw+11.8. Singh

and Havskov (1980) calculated relationships between Mw and
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seismic moment, according to whether they are intraplate or

interplate events. They suggest

Meo=(2/3)10gM,-10.73 for interplate events
Mo=(2/3)10ogM,~ 10,46 for intraplate events
Mw=(2/3)10ogM,-10.57 if all events are grouped téggﬁh&f

These magnitudes are close to H; for earthquakes with
fault lengths less than 100 km.

In the next 3 chapters I examine digital data detected,
mainly from one single station at distances of 515 km, 180
km, and above the source 6 km in the light of these proposed
empirical/theoretical relations. Obviously data from a
single station can give biased results, but studies from
ideal networks are generally rgre for economic reasons. In
the next chapters I arque that it is possible to have good
‘results from single station data, however, more stations are
alvays desirable (see also for example Bakun et al 1976, and

Pearson 1981 for other studies using a single station).

L



2. Spectra of some Oaxaca Rarthquake Aftershocks from RESMAC
This chapter is based on a published paper (Rebollar and
Nyland 1980). ’ 4

The Oaxaca earthquake of November 29, 1978, (Ms=7.8,
16.07N,'96.4BW) yielded an opportunity for detailed study of
an earthquake in a subduction zone. This is the first
earthquake in Mexico recorded with a great variety of
instruments in the near and far field both before and after
the main event. This event had been forecast in a gap
(Ohtake et al 1977), and later trapped (Ponce et al 1978).

Although the netvbrk that trapped the event (Ponce et
al 1980) consisted of smoked paper recorders, five
telemetering stations a combination of RESMAC (Lomnnitz and
digitally at a distance of about 500 km from the epicentral.
area. Since November 15, 1978, the recording system for this
group of telemetering seismic stations in Mexico had been in
- a final testing stage.

RESMAC stands for "Red Sismologica Mexicana de Apertura
Continental”. The RESMAC system vas planned to cover all of
Mexico. All the events are sent by microwave signals to
IIMAS at "Universidad Nacional Autonoma de Mexico (UNAM)".
The main task of the system will be to provide quick access
to 4ata for earthquakes in Mexico to Mexican and other
investigators. It will be functioning in event detection
mode. The RESMAC system also acquires data fgcm the SISMEX

network opéfated by "Instituto de Ingenieria™ (II). SISMEX

.
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(Prince et al, 1973) supplied data from three of their
stations, Santa Rita (IIC), Tonantzintla (IIT), and El Pino
(11P).

Two days after the occurrence of the Oaxaca earthquake
seven portable digital .stations were deployed by "Centro de
Investigacion Cientifica y Bducacion Superior de Ensenada”
(CICESE) and the University of California at San Diego
(UCSD). This was a joint project between CICESE and UCSD.
This netwvork wvas operated from Decembef tirst of 1978 to
late April of 1979 (Munguia et al 1979). Several hundred
events vere recorded. Those aftershocks are being analysed
by L. Munguia at UCSD as part of his PhD thesis at UCSD
(personal communication).

The data acquired for the Oaxaca Earthquake of 1978
illustrates quite well the difficulties inherent in the
collectidn of seismological data. Clearly the data has :
deficiencies, but just as clenrly it is the best available -
d;ta,Aparticﬁlarly for the first 3 days of the aftershock
sequence vhen there was only a very small aperatian ¢
monitoring aftershocks in the aftershock zone. An
understanding of the behaviour of the aftershocks of this
very large earthquake (in fact the largest world wide of
1978) is crucial to untangling the physical properties of
fault sones.

S-vave spectra of the main event and 21 aftershocks .
have benn calculated. Due to the bandwidth of the RESMAC

system, the corner frequency of the shear wave spectrum of

[ 4
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the main event is not observed. 1 do see tvo slopes at high
frequencies (-2.0 and -2.8) intersecting at a frequency of
1.4 Hz. Comparison of the spectra of aftershocks with those
obtained from the nearby portable digital stations shovs a
shift of corner frequency to the lowver frequencies,
typically of the order of 0.3 hz and in general, a smaller
value, typically 4.3 smaller, for the seismic moment. The
corner frequencies of the P-wave spectra are outside the
observed frequency band. A magnitude-moment relationship

tgiven by logM,=1.3M,+16.6 was found. This relationship is
the same calculated in chapter 3 for events of the Rocky
Mountain House earthquake swvarm and illustrates a similarity
betwveen inter and intra plate earthquake generating

processes.

2.1 Tectonic Background of the Oaxaca EKarthquake

Mexico has one of the most active plate boundaries in
the world, the Middle America Trench. This plate boundary is
formed by the subduction of the Cocos Plate belowv the
éenttal Mexican part of the American Plate. Subduction of
the Cocos plate causes shallov and deep (no more than 400
km) seismic events in central Mexico. Shallow events are
mainly the result of relative movement between eglgﬁie and
continental crust or of internal deformation within the
plates. Intermediate (be£ween 100 and 300 km) and deep ,
ear:hqu;kes (recorded elsevhere between 300 and 750 km)
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occur in the interior of plates immersed within the
asthenosphere and deeper mantle. Abundant literature about
elsevhere (see for example Cox 1973). i

The state of Oaxaca lies in the morphotectonic province
of Sierra Madre del Sur (figure 1), Most of this pf@viﬂc;
consists of schists and gneisses of uncertain, but probably
Precambrian or Paleozoic, age. However, the high;gt mountain
ranges expose middle Tertiary volcanics, whereas the

lovlands are underlain by granites (Guzman and Zoltan de

Cserna 1963).

2.2 The Oaxaca Data Set

The spectra and source parameters of the main shock and

Cerrillo station (CRX). The distance from Cerrillo to the
epicentre of the main shock is appraximgtely 515 km. For
studies in Oaxaca , the Tonantzintla (IIT) SISMEX station is
one of the best stations of the system. Unfortunately
calibration in!argltian for the SISMEX ftations ?ar 1978 and
1979 is not available to us. Three stations of SISMEX (lIC,
IIT, 1IP) and tvo stations of RESMAC (CRX, MEX) recorded the
main shock and all subsequent gﬁ::rihaeks (with local
magnitudes greater than 3) of the Oaxaca event. The main
shock :;turateé must of the stations, howvever, Mexico and

Cerrillo wvere exceptions. Mexico was moderately saturated
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and is\kxttenely noisy. Cerrillo is quiet and suffered no
saturation. Acapulco station was installed 30 hours after
the main shock.

@ Due to the instrument response of the RESMAC system
(tigure 2), source parameters for larger events are obscure.
However, it was possible to get the slope at high
frequencies and source parameters for events of pagnitude
betveen 3.6 and 5.0. The source parameters at the CRX
station vere compared with the spectra of some events from
the nearby CICESE-UCSD portable stations (Munguia et al,

1979).

2.3 Instrumentation

The'response curve of a typical RESMAC station is shown
in figure 2 with the magnificatior curve for the CICESE-UCSD
stations. A RESMAC station consists of a Mark seismometer
(with per{ed of one second and damping 0.7), an amplifier,
twe filters in cascade (period of 0.1 sec and damping 0.7),
and an analog-to-digital converter (A-D). A\EEP11
mini-computer used for data recording. The maximum output of
the gnalog—tg-digigal comverter (A-D) is $131072 “"counts"”,
which corresponds to an input of £10 volts. The maximum

velocify magnification is 162 counts/(micron/sec). The

'output of the A-D is recorded 36 times/sec giving a Nyquist

frequency of 18 Hz.
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Pigure 2.... The response curve for RESMAC and UGSD-CICESE

stations and an index map of the area showing stations in

1978
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Thé SISMEX system transmits.dgza by radio link to
Instituto ée:fngenierig, where the recorded events can be
digitized. While SISMEX records continucsly on analog
magnetic tape, RESMAC does real time event detection on iﬁs
input chanels, ’

The configuration of SISMEX and RESMAC stations in
locations in the !iédll America trench. The seismograms
(tigure 3) are very complicated making it difficult to
recognize different phases.

During fifty two hours iftifrthe main event the RéSEiC
syglem was triggered 151 times. Bufing this interval of time
Sifty five events (appendix 1) were recorded but only nine
(tgble 1) were clear enough at Cerrillo station Eé% spectral

analysis (table 2).

b

&
gii Data Lnily:ii

From the travel time curves for a continental structure
at normal depth (33 km), the phases that would appear in the
seismogram at a distance of 510 km are: the refracted wave
Pn, the direct wave Pg, the reflection PgPg (very close to
in), the conversion SgPg, the refracted Sn wave, the éir&%é
Sg waye and finally ;hé reflection SgSg. For this Eiitance
the surface waves do not appear very soon after the arrival
| @f;the S-wave. Consequently , it is unlikely that the energy

spectrum is contaminated by surface waves. Instead the -
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Oaxaca seismograms.
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18:40:07

18-12-78

19:18:47

-12-78

19:54:09

18-12-7

om RESMAC data

IIT saturated
small event

not very
not very
Spectrum
not very
sSpectrum

good signals at IIT,IIC and

IIP

clear signals:’
analysed
clear signals
analysed

clear signals
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Nov.29.78.22.31.25
Nov.,29.78.22.57.40
Nov.29.78.23.08.50
Nov,.29.78.23.29.03
Nov.29.78.23.39.39
Nov.30. 78.@0;91 53

1!av 39,78 D1,11,35
Nov.30.78.01,32.16

Nov,.30,78.01,58.33
Nov.,30.78.02.02.35
Nov.30.78.03.05.10
Nov.30.78.05.11.37
Nov.30.78.05.52.28
Nov,30,78.07.25, 34
Nov.30.78.07.49.59
Nov.30.78.08.22.44
Nov,30,78.10,20.32
Nov.30,78.10.35.56
Nov,30.78.10.43.54
Nov,30.78.11,12.24
Nov.30.78.11.42.51
Nov.30.78.12,04.32
Nov,30,78.12.24.37
Nov.30.78.13.13,54
Nov.30.78.13.16.50
Nov.30.78.13.49.51
Nov.30.78.13.59.10
Nov.30.78.14.41.13
Nov.30.78.15.37.44
Nov.30.78.16.08.44
Nov.30.78.17.41.48
Nov.30.78.17.49.47
Nov,30,78.17.57.25

Nov.30.78.19.25.12
Nov,30.78.21.23.45
Nov.30.78.23.56.46
Nov.01.78.03.03.59
Nov.01.78.04.09.04
Nov.01.78.04.38.58
Nov.01.78.09.32. 15
Nov.01.78.17.38.56
Nov.02.78.02.01.04
Nov.02.78.03.26.45
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good signals at IIT,IIC nnd

IIP )
spectrum analysed

not very clear signa

spectral analysed

good signals at IIT,IIC and

IIP

spectrum analysed
spectrum analysed
small event

small event

small event

good signals at IIT,IIC and

IIP

small event
spectrum analysed

good event CRX down
small event crx down
good event CRX down
good event CRX down

small event
small event

good event CRX down
small event CRX down

IIT saturated CRX down

small event CRX down
small event CRX down
good event CRX down
small event CRX down
smal event CRX down
good event CRX down

goodevent CRX down

small event CRX down
small event CRX down

small event

good event CRX down

spectrum analysed
IIT saturated

good event clear at IIT,IIC

and IIP

small event
small event
small event
small event
small event
small event

good signals at IIT,

I1IP
small event
small event

IIT and IIC saturated

I1IC and

Table 2.... Events recorded at RESMAC and SISMEX stations



fifty tvo hours after the Oaxaca event,.

pectra vill have energy from the phase SgSqg and the

scattering due to reflection near the station.

L
Spectra of P and S waves recorded at CRX were corrected .

for instrumental responsé¢ and seismic attenuation. The
epicentral distance wvas estimated from the average Sg-Pg
times assuming a Vp velocity of 6.5 km/sec (based on
unpublished refraction results at Pinotepa Nacional). Thié
distance has an error of $35 km. The uncertainty in the
distance yields an error of one order of magnitude in the
moment. Several values of Q vere tested to gain more insight
into the value of this parameter in the reglon. Since very
little is known about Q in this area, anelastic attenuation
wvas approximated with a Q of 500 for S-waves and a Q of 1242
for P-wvaves (as suggested by Anderson et al 1978). From the
analysis of the spectra, the reliable bandwidth of
frequencies was determined to be between 0.2 to 7.0 Hz.
Consequently, the g:fghquakg signal wvas band-pass Eiitargd
outside this range of frequencies. ‘

The different time windows that vere used in
calculating the shear wave spectra (figure 4) shov some
increase in the spectral amplitude gggh an increase of the
sample length. All spectral cal:uiaggéﬁs were made with 2000
data points (55.6 seconds) of data. This implies the

possible presence of scattered P and S energy. Reyes et al
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(1979) used hypocentral determinations of aftershocks to
establish 2 trends in the distribution of aftershocks. One
part of the aftershock zone dips at an angle of 20° while
another part suggests a reverse fault zone dipping at 70°
tovard the trench. There are a ;nrgg number of aftershocks
-on the first portion, on the second activity is scarce but
is supported by a composite focal mechanism.

Iﬁ.arde: to compare RESMAC spectra with CICESE-UCSD
data (figure 5), the spectra must be corrected for radiation
pattern and free surface reflection of SV wvaves. Two of the
events used in our comparison to CICESE-UCSD results are
associated with the zone that dips aﬁ 20°., This admittedly
veak result is the basis for ;ssuming that all events
analyzed here slipped on fault planes parallel the main
thrust zone in a down dip direction. This corresponds to a
dip of 20 degrees and an azimuth of 60 degrees. Huttlif
(1961), calculated the amplitude of S-wvaves at the free
surface for different angles of incidence. Using Nuttli's
formulas the ratio of the displacement amplitude at the free
surface to the amplitude of the incident wvave is 0.82. The
previously mentioned unpublished refraction results (Singh,
personal communication) vere used to arrive at this number. E
An average depth of 35 km wvas assumed. At 60 degrees azimuth
the average radiation pattern correction for Sv waves
(assuming a rﬁpture velocity of 0.9 Vs) is 0.84 (Madariaga

1977).
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43

Spectral amplitudes, corner frequency and slope at high
frequencies (table 1) decrease for different values of Q
(table 3). The corner frequency also tends to decrease but
in an erratic way.

The response characteriitics of the RESMAC system were
such that it was only possible to get the slopes at high
trbquohcies of the main shock, (-2.0 and -2.8 (figure 6)).
The intersection for these slopes is at 1.4 Hi. The first
aftershock of maghitude 5.6 vas recorded nearly 13 minutes
after the main event, a corner frequency at 0.7 Hz vas
found, although this means a small source dimension for a
relatively large event. The second large aftershock of
magnitude 4.8 was recorded approximately 74 mi‘utes later,
this spectrum does not show any corner trequency'at all in
contrast with the first aftgrshock, instead it is possible

to see a slope of -1.3 at high frequencies (figure 7).

L

[

2.5 Source Parameters

The constants used in this analysis of source
parameters (Brune 1970, 1971) are: S wave velocity=3.75
km/sec, density p=2.35 gr/cm’. Table 2 shows the results of
these calculations. |

Two (figure j) of the 21 aftershocks spectra show
poorly defined corner freqﬁencies. 1 compared (table 4’
source parameters of the spectra of somé events registered

at both RESMAC and CICESE-UCSD stations. In general there is
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Table 3.... RESMAC spectral parameters for diferent values
sults

of Q compared vith the resul from the CICESE-UCSD nearby
stations. v
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not good agreement between corner frequencies (the largest
difference is 0.8 Hz). CICESE-UCSD corner frequencies are
larger than the RESMAC céfn-r frequencies. This difference
results in a discrepancy of 1.7 km in the source radius and
a large discrepancy in the stress drap\‘Thil bias could be
due to scattering in the crust (Dghlgn,r1§7;), but it seems
more likely to be evidence of variations in the focal
mechanisms. ‘

Unfortunately only CRX was sufficiently quiet for
spectral analysis. It ii‘eviéint from the seismograms and
the time windows vhich have been used, that the RESMAC
spectra contaip scattered P and S vaves. ééﬁs:quently,
scattering could increase the estimated fault size.

RESMAC moments are smaller, sometimes by a factor of
close to S, than CICESE-UCSD moments. The disagreement could
Se due to;J

1) Differences in bandwidth between CRX and the’

CICESE-UCSD stations.

2) The bandwidth of CRX. The station was not originally
planned to provide spectral information at teleseismic
distances.

3) Uncertainties in the radiation pgtte:n} I have only

one station.
“» _ )
4) Energy losses due to conversion of the SV signal and
due to scattering in the largely unknown structure between

o
Oaxaca and Mexico. .
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Consequently calculations of the moment give a possible
lover limit. The spectra of P-wvaves were calculated and do
not show any corner frequency. This could be due to the

lover amplitude of the P-vaves.

2.6 Seismic Moment and Local Magnitude Relationship affthn
Oaxaca Aftershocks

Using twenty aftershocks of the Oaxaca event I ;
" calculated an empirical relationship between seismic moment
(Q.) and local magnitude (M,). This relationship vas
compared with a similar relationship for events from the
Rocky Mountain House earthquake swarm (see éh;pt;: three).
Even though these seismic sequences vere generated in
different tectonic enviroments (the 0‘&&2: aftershocks are
interplite events, and the Rocky Mountain House esarthquake
svarm is an intraplatg sequence). Both sets of data seems to
fit the relationship given by logM,=1.3M,+16.6 for i
ﬁagnitudcs between 1.5 and 5.5 (figure 8). A more expanded

discussion of this relationship is given in chapter three.

2.7 Conclusions
-

Source parameters of 21 aftershocks of a large
earthquake on a subduction zone were obtained. Corner
frequencies lie near one Hz, showing sSmaller values than
those obtained with the nearby stations. This could be due

to scattering along the path length and near the station,
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FPigure 8.... Comparison of the Oaxaca seismic aPtents with

the seismic moments of the Rocky Mountain House #irthquake

swvarm
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Seismic moments for the ébicrv:d events vith magnitudes from
3.6 to 5.6 range from 3,45x10*: dyne-cm to 3.3x10*° dyne—:m.
ui:h source dimensions fra- 1.2 to 2.7 km and a maximum
stres drop of 4.7 bars. Consequently source dimension and
stress drop are lover limits. P-wave spectra do not show any
corner frequency, being very sensitive to scattering and
noise level. Seismic moment is the more reliable parameter.
The magnitude seismic moment :élitianihip for the 21 events
analysed fits the relationship given by logM,=1.3M,+16.6.

In this chapter I calculated the spectra of the Oaxaca \
earthquake aftershocks at about 515 km from the source. I
can consider this a "large” epicentral distance. In the next
chapter I analyse the refracted phase Sn and the spectra of
the events from the Rocky Mountain House earthquake swvarm
detected at Edmonton, those events are approximately 180 km
from Edmonton. Therefore, I can consider that spectral
analysis at an "intermediate” distance from the earthquake
source, T&e data in the next chapter will also permit
comparison of processes on a subduction zone with the poorly
understood processes that give rise to intraplate )

seismicity.

Bl s MFRERCS e



3. Focal Depths and source Parameters of the Rocky Mountain

BEouse Earthgquake Swarm Etﬁé the digital data at Eé:cntan |
It 'is often assumed in earthguake seismology that similarity
exists betveen large and small earthquakes (Aki 1967). This
is the motivation for comparing a sequence of small =«
earthquakes in an intraplate environment with the
aftershocks of a large earthquake on a plate boundary, such
as the Middle American Trench near Oaxaca. |

In this chapter I make an analysis of the Rocky

'!auntain House earthquake swarm, such an intraplate
sequence, from records taken at Edmonton (EDM) and Suffield
(SES). Prom January 1976 to February 1980 one or both of
these s;atians,é:teeteé 220 events with magnitudes less than
4. Some of these events show well defined Sn, Sq and Pg'

phases and small variation in the difference of Sg-Sn and

a structure determined for central Alberta yields an average
focal dspﬁh of 20+5 km and an average epicentral distance of
175¢5 km SW of Edmonton for 40 of these events. Since Sn was
not clear on the remainder, it was not pes:;ble to get focal
depths for all the events.

Seismic moments of 80 events with local n;énituéis f;am
1.6 to 3.5 vere found to be in the range of 6.0x10'* to
7,911é“ dyne-cm. A rélationship betwveen local m;gﬁitude and
seismic moment was logM,=1.3M,+16.6; similar to one
determined in california. A theoretical realtionship using

Sato-Hirasawva (1973) model vas calculated with different
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rupture velocities and source dimensions; It was found that
it is strongly dependent on these parameters. Using a
rupture velocity af .9 times the shear velocity and a source
dimension of 1 km the model give logM.=M,+17.6 The
Sato-Hirasawva model fit well our data. The Gibowics (1975)
theoretical relationship given by logM,=M,+17.1 also fits
our data. Source radii, where they could be determined, vere
betveen 500 to 60 meters and stress drops vere from 0.01 to
1.5 bars.

The depth of focus, the lov stress drops, and thes
statistical similarity to other natural earthquakes
sequences suggest that at least part of this swarm is of
natural origin. |

This chapter is based on a paper submitted to Canadian

Journal of Earth Sciences (Rebollar et al 1982)

3.1 Introduction

Destructive earthquakes are not common in Canada,
although large events occur off thg coast of British ;
‘Columbia. Of all the seismic activity detected in Canada
approximately two-thirds occurs in Western Canada (figure
9), mainly in British ialunb;g,:!ukan, and the North West
Territories (Whitham et al 1976f

The Rocky Mountains, one plt: of the North American

Cardiile:a, and the Alberta plains show some seismic

" activity. Seismic events occurring on the Alberta plains are
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usualiy small (Local magnitude M,s4) and thus are not often
detected on more than a fev seismic stations. Some may b;
triggered by secondary and tertiary recovery methods during
hydrocarbon extraction. A somevhat higher seismicity level
exists in the foothills of the Rocky mountains. This
seismicityétan be observed at Edmonton (EDM), Suffield (SES)
and Penticton (PNT). The Rocky Mountain House earthquake
svarm (figure 10) is a good example.

Since January 1976 EDM has been recording signals from:
a seismic swvarm near Rocky Mountain House, appe:ima;elyi185
km SW of Edmonton. Due to the small magnitude of these
events they have been seen mainly at EDM. Larger ‘events (M,
near 3) have also been seen at Suffield station (SES) which
is about 350 km from Rocky Mountain House. Therefore, this
study is mainly concerned with the analysis of the Rocky
Mountain House earthquake swarm detected at Edmonton gﬁd

Suffield.

3.2 Analysis of the Data i
The University of Alberta seismic observatory (EDM)
records 3 components each of short and long period data in
digital and analog form. The analog system is a part of a
Canadian and Worldvide Network of Standard Seismograph
stations. In the digital system the seismometer is coupled

vith an amplifier and a Buttervorth filter. The data are

recorded at 18 samples per second (short period) and 3
5



FPigure 10.... Geologic provinces of the SOUthorn_Rociy
Mountains and locations of some seismic events recorded at
EDM, SES, and PNT. _
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complement binary as a 14 bit bipolar word. The maximum
signal is 13 bits plus sign (28192 counts) and this is
equivalent to :10 volts level at the imput to the analog to
digital converter. There is a WWVB bit inserted at bit
pgiitisn 15 (H:Claughiﬁ and Kanasevich 1é74)g The response
curve of the :u:?g;af the system (see Aki and Richards
chapter 10 for details on magnifications éu:vgg) is given in
(figqure 11). >

About 5 events per month apparently originating in

. South West Alberta have been detected on analog records at
EDM (figure 12). There were apparently random bursts of up
to 25 such events. This is unusually high activity compared
ﬁa the local activity detected at EDM since 1970 (figure

€

13). )
Some of the events of the svarm are simple, vith well
defined Pg, Sn, and Sg phases. Hovéver, some of the large
events are caiplicit:d shoving similar amplitudes of P and §
waves. This éauld indicate v;fi;tiéns in the source
mechanism (figure 14). Pn is usuillyibarjlg above the noise
level. Neither the complex nor the simple events appear on
éhc long period records. This suggests relatively deep foci.
Prom January 1976 to Pebruary 1980, it vas possible to
read Sg-Sn and'Sgin in 41 events out of 225 (table 5).
Reading errors of Pg and’Pn are of the order of 0.05 sec
vhen the onset is clear, and 0.1 sec or greater for Sg and

sSn, vhen a clear phase vas recorded. The average time

5
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M=-217 S9-Sn=-
1.9 sec
|

'8 T o 80 100
2.44 : , Dec. 78.02.03.38

Pigqure 14.... Events recorded at Edmonton from the Rocky
Mountain House earthquake swarm, left - complex event, right
- simple event. :
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difference for Sg-Sn was 1.9¢0.2 sec and for Sg-Pg was
21.7£0.7 sec. The consistency of this difference suggests
that the activity is confined to a small area. The average
Pg-Pn difference of 0.6:0.1 sec was based on 6 of the 41
events. This group of events shows remarkably consistent
differential travel times and as a consequence I feel
justified in treating the data as a group. The average of
the differential times should be representative of the group

and it is this representative value I analyse.

3.3 Analysis of Refracted Phases

These average differential travel times have
implications for the -average depth of seismicity at Rocky
Mountain House as observed at EDM. Obviou;ly it would be
better to have d;ta from nearby stations to determine depths
but equipment and technician limitatiéns prevent this Qx:éﬁt
. for short intervals. Ifn order to estimate source depth I |
assume a structure derived from seismic refraction profiles,
calculate gravel time curves for Pg, Sg, Pn, and sn ar a

function 65 source depth and use the avefige Sg-Sn, Pg-Pn,

and Sg-Pg times to -constrain the depths. Since Sg-Sn and
1Y
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Sg-Pg were tightly constrained wve can place limits on the
depths from which the seismicity originates if our structure
is correct. I have tested the entire range of possible
plains structures and conclude that no ressonable structure
permits shallow source depths for the portion of the Rocky
Mountain House seismicity which has observable Sn ;t‘
Edmonton. |

This conclusion is important. It seems highly unlikely
that seismicity at depths exceeding 10 km is triggered by
the relatively small changes associated with hydrocarbon
récavcfy operations on the Strachan gas field which is near
the swvarm. The eveﬁgs’studi:d at EDM are most likely not
induced. This does ﬁet preclude the p@gsibilizy!th;t other
activity exist and is related to hydrocarbon recovery. The
possibility that the basement structures near the foothills
are seismicglly'activg, albeit at a low level, also has
interesting implications for the geodynamics of the North
American plate.

Several observational constraints can be placed on the
problem. The first, and most important, is the requirement
that Sn must arrive before Sq. This must hold no matter what
velocity model is used and no matter what source depth is
used. The second derives from the spfiid in Sg-S8n. Although
it was .2 seconds in my data I accepted solutions in which
deviations of up to 0.35 seconds appeared. A third
constraint, which is also crucial, is that Pn arrives before

Pg. Here again I accept the pessimistic view that 0.35



second deviation from an observed average is acceptgble;

Given these sanit:giﬁt: I must solve an inverse problem
vhich has no unique solution. I determine the range of
velocity models, source depths and epicentral distances
which fit our observations. In order to explore the problem
I first derived vhat appeared to be a reasomable velocity
model for the problem and then searched for a source depth
and a distance to the activity that satisfied our average of
Sg-Sn and Sg-Pg. o

The crust is nearly 45 km thick in much of southern
Alberta Cloves and Kanasewich (1970), Chandra and Cumming
(1972), Cumming and Chandra (1975). Ganley and Cumming
(1974) found a P@ii%@ljzﬂﬂhé from reflection record at 35 km
near Edmonton. Havevér, those profiles are too far from the
hacky Mountain House ::tiviéy. The nearest reversed seismic
refraction profile vh;:h gives feliable deep crust and
mantle velocities is that deté Em;ned by R;:h;rdgﬁind Walker
(1959) from in~gppfa;imgtglyxns refraction profile near
113.5°W and .between 50.8°N and 51.9°N (teble 6). Obviously
this profile serves only as a guide to structure but it can
be used as a starting point for average velocity depth
models on the -:%- path from Rocky Mountain Houlle to
Bdmonton. The seismic work that vas done closer to this ares
does not provide reliable lower crust or mantle velocities, =
In ordeg to interpret the data I have at Edmonton such

velocities are far more crucial than the shallow velocities.
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Layer Thickness vp (km/sec) Vs (km/sec)
(km) |

2.0 3.6 , X 1.81
1.8 6.1 ' 3.07

28.5 6.2 : 3.51

13.0 7.2 4.15

Half Space 8.2 4.73

Tahl: 6.... The velocity structure (Richards and Walker
1959

\

At a distance corresponding to that betwveen Rocky
Mountain House and Edmonton the Sg-Pg time does not depend
on the depth of focus. It is thus possible to adjust this
depth to satisfy Obse;vations of refracted S (Sn) which I
~obtained from digital data archived at Edmonton. It was
however hpt always possible to match refracted P (Pn) aé
vell. This is not surprising, for Pn is nét vell observed,
even on the records I used. ! found that the seismicity wvas
associated ;ith depths in excess of 10 km.) Best estimates of
the sedimentary section in this area suggest that the
‘saximum depth of sediments in this area is approximately
1;000.£cct or 4.8,kl (Bally et al 1966, keating 1966). ‘
| Obviously such depth calculations are model dependent,

One way to explore the degree of this dependency is to

determine the effect of small changes in the model. Another

/
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plagsible structure (table 7) also yields the results that
the average depth of the activity is greater than 10 km. The
predicted values of the time differences for various phases
(table 8) for this model are such that the average of the
observed values indicates depths of the order of 20 km and
epicentral distances on the range 170 to 180 km. Again Pg-Pn
does not fit well. On the travel time plots for events at
various depths wvith a dipping Moho and a flat Riel
discontinuity ve note that only once the souré¢e depth

the effect of Moho dip on the travel times hence 1! compared
my data (figure 15) with the travel times predicted for a
flat Moho. -

The data at EDM does not contradict thciixist:ncg of
shallov activity at .Rocky Mountain House. Only 41 of the 220
obicrvcd events in the digital system showed positive Sn-Sg
Eéncs. Small Sn-Sg or negative values of this phase
difference would lead to masking of Sn in the Sg wave train,
Those events for which Sn cannot be picked can be explained

as occurrinq'at depths of less than 10 km. The sharpness of

an observed dijtributia”xaf Sn-Sg suggests a concentration

L

of activity at 20:5 km depth.

In this kind of calculation a»eaigranigi betvedn

computational effort and results is Eequiréé. At this stage

I have a strong suggestion, but certainly no prééf, that the

in excess of 20 km. In order to explore this further I
I



Layer Thickness Vp (km/sec) Vs (km/sec)
(km) ' |

1.3 , . 2.68 1.35

1.3 4.59 - | 2.3

29.4 ! 6.20 3.57

13.0 | : 7.20 4.15

Half Space 8.20 4.75 .,

Table 7.... A modified version of the Richards and Walker
velocity gtructure

Depth E. D. Pg-Pn $g-Sn Sg-Pg
5 km K 170, km =1.06 —1;71 20.90
5 km | ! 185 km -0.47 -0.68 22,68
10 km 170 km -0.51, -0, 7% 20.92
10 km 185 km 0.07 0,27 22.70
15 km. 170 km 0.06 0.23 20.95
1S km ., 185 km 0.64 1.26 22,73
20 km 170 km 0.65 1.27 21,00
20 km 185 km 1.23 2.28 22.78

Table 8.... A selection of predicted ﬂlgflrlntlll travel
times for the modified Richard lné Walker model :
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simplified the characteristics of the velocity model and
defined a priori reasonable bounds beyond which the solution
of our inverse problem could not lie. ! admit that 7
parameters are unknown to some degree. These are the average
epicentral distance of the activity, the average depth of
the activity, the P vave velocities of two layers and a half
space and the layers thicknesses. I assumed that Paiiiqn'i
ratio vas 0.28 in order to relate S vave velocities to P
wvave velocities. 7

It is possible with a computer search algorithm (ZXSRCH
from the IMSL library) to determine N possible heptads Qf
numbers constrained within a 7 dimensional rectangle such.
that the N heptads are evenly distrjbuted in the §as:iblc
range (table 9) of the lﬂlutiﬂﬂ!."lt no particularly good
reason, other Ehlﬁ-thi=ﬂili:! to limit computation, I set N
to 1000 and let the computer find those heptads wvhich define
solutions to the inVCEi; problem, Only twvo models fit (table
10). Tﬁ:y'béth require focal depths in excess of 25 km, .z

Obviocusly a computer search of this type does not
rigorously prove that dr:igéieilly different solutions do
not exist betveen the points tested. I do hoveyer have now a
reasonable basis for the statement that at least some of the
seismicity at Rocky Mountain House originates at depths . .
- whidh :ﬁgggit natural rather thgﬂﬁindue:d causes. I also
state that this depth can be determined if Sn-Sg can be

observed.
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165km | B Epi::nt:nl; S 180km
Distance v ‘ .
. 1km | s Pocal Depth 2 (oxm
5.0ka/sec S Vp Velocity of < 6.5km/sec
. the first layer |
30.0km $ Thickness of the < 35.0km
' | fi:itblijlf,
7.0km/sec _ % Vp Velocity of £ 7.6km/sec
| the second layer
10.0km S Thickness of the s 20.0 Ka
| second layer
7.9kn/sec S Vp velocity of < 8.3km/sec

the half space

" Table 9..?; The bounds on the search for feasible models of
the velocity structure

H ‘ vp * Vs H Vp Vs

34.14 . 6.25 3;45 30.83 6.25 3.45
14.10 7.30 .04 10.80 7.50 415
H. s.][ 8.10 !i.ca H. S. 8.23 4.55

Table 10.... The only satisfactory models in a suite of 1000
reasonable ones '

v

There is also shallow seismicity at Rocky Mountain
Héus:_.éh: veek of observations with Sprengnether DR100

recording systeg (Rebollar et al. 1981) found mainly shallow
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'activity but one event with an s-pP tim: of 2.1 seconds.
Unfortunately this event cannot be_lae;tcé, for the Earth
Physics Branch portable analog :tnﬁi@ni, and the Edmonton
digital station vere down: A program of recording at Rocky
Mountain House is continuing in order to ecquire data for
© several svarm events Ejtardcd,gath at Rocky Mountain House
and EDM. This would provide final confirmation of deep
sois-}city at Rocky Mountain House and raise the very
iqteresting proble? of its cause,

zveﬁvvith good obs:;v:tianj of Sn the calculation of
depth is problematical. A major change in the structure
betveen EDM and Rocky Mountain House would destroy the
conclusionsﬂiThe§~:ho identification of the phase I call Sn
-can be doubted. &i‘bt vill consist of simultaneous
observation at ZDM and at. Rocky Mountain House of a deep
evént. I suggest this may be difficult. In § years there
vere 48 event@ oﬁ vhich Sn could be picked at EDM, $0 it may
take some time Q0 establish the é:s: for seismic nctivig})iﬁ

the basement structures of the Rocky Mountain foothills.

® | | )
3.4 Spﬁctfll Analysis
"In order to extract good source information, high
sampling rate high-dynnsi; range and a broadband system are
desirable. However, there are some cases vere digital data
of lovcr’gzli’ll still prédzueg some spectral

information. Unfortun3221§ the digital data for the Rocky

-



Mountain House Earthquake svarm is of the latter type. EDM
vas designed to detect teleseismic activity. It has a
sampling rate cf:18 samples per second and écrgli:ble:band
of frequencies betveen 0.5 and 7 hz. |

Our basic data are the 3 digitized components of the S
‘phases of the signals identified as originating in the Rocky
Mountain House area. These vere alvays band pass filtered in
this range of frequencies. By suitable rotations I isolated
SH on the transverse component and combined the vertical and
radial components of SV to isolate pure SV wvave.

Cloves and Ranasewich (1970), studying the attenuation
in Southern Alberta, found a Q of 300 in the sedimentary
1;;;r: and a Q of 1500 for the-basement. Therefore I
' approximate the attenuation vwith a Q of 1000 in order to
corrected for attenuation, iﬁstfument tgiéanse and distance.
I use a sample length of 20 seconds in which is included Sn,
Sg and scattered vaves near the station. The seismic :éiétra
(figurg 16). Corner frequencies were difficult to recognize
in many cases due to the narrow bandwidth.

Source parameters can be derived from these spectra
(Brune, 1970, 1971). Since only one station vas used in this
study, zhcifidi:tian pattern v:s-apprgximitnd-as the rms
average over the focal spﬁera for S waves (0.63). I

calculate the correction § amplification at the free

surface for SV waves using Nutlli's formulation (1961). The
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Figure 16.... Spectra of typical events. fhe amplitude of
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to plot them together. The spectra vere smoothed with a ‘
Daniel window -DW- of .2 Hz
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correction for free surface amplification is 1.04 for SV
vertical component and 1.75 for SV radial component
considering an angle of incidence of 24.5 degrees.

The source parameters, seismic moment M,, source radius
r and stress drop are related (Brune 1970, 1971) to the

spectral characteristics by

//—‘ir///
. 3 ) ’ N
M = 4npRBQ(0)/RA ’ dyne-cm
r = 0.37 B/fc km
g 3,6 -
Ao -,IOGORQ(O)fc/IO bars
/ -

vhere S=3,37 kn/sec is the S vave velocity, p=2.9 g/cc is
the density,Q = spectral amplitude at zero frequency,
fcwcorner £roquon3y,‘R-c9iccnttal distance, # = radiation
pattern, A free surface anpliticationQ |
‘Computations vere made on the tboctra of 78 events.
Usually the seismic uonnt‘ calculated with the SH wave
components vas higher than that calculated with SV (table
11). This could be an effact of the fault orientation. The
aversge seismic moment of oich event vas used. The corner
frequencies vas identified (betveen 1.8 and 2.9 sec) tor.34
events. Those corner frequencies gave source radii from S00

to 600 meters and stress drops from C.01 o 1.5 bars (figure

17). Obviously at this epicentral distance and with this

v
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. narrov band system I sample only a-restricted number of

events.

3.5 Seismic Moment and Local Magnitude

T

- Local magnitude is a useful mseasure of small

distances the amplitude of P vaves is small, so Mb and Ms
aré hard to determine.

Since I deal here with a relatively large collection of
g;ﬁ: vhich is individually rather uncertain, average
behavior is probably the best f:pr!Qntiticﬂﬁaf the !E;Qtfil

information. In addition to seismic moment local magnitude

is relatively easy to determine and I have calculated local

moments. Seismic moments range from 6.38x10'* (M,=1.6) to
2.21x10** (M,=3.,5) dyne-cm. A plot of M, against M, shows
méfe scatter (figurpe 18) ti;n that on similar plots (Wyss
and Brune 1968, and Thatcher and Hanks 1973). My linear

trend is similar to theirs., The best fit to our data is

log M, = 1,3M,+16.6 ' .
- ' Ty

This equation is a complicated function of source
L}
parameters, nevertheless, it can be interpreted in terms of

a constant stress drop fault model (Kanamori- and Anderson
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1975, Sato 1979). I used the Sato and Hirasava (1973) model
, oy -
for a circular fault in order to find a theoretical
relationship betveen seisdic moment and local magnitude: In
general ve can represent the spectral amplitude of the

far-field displacement in the form

Alw) = Hg!!(v;u,T.Q.Liﬁr r)/&ipisi
: Where } & -

p = density
R = epicentral distance

P or S vave velocity

<
']

U = rupture velocity

T = rise time

r ;'seuree radius

L = fault length for a rectangular fault
R = radiation pattern .
o = azimuth

M,= seismic moment

« = angular frequency K2

iy

B = source function

- - Local magnitude is defined as



B
M. (0.8Hz)=logA-10gA,~1.35

vhere A'is the recorded trace amplitude{for a givgns
earthquake at 'a given distance, and A, 1s that for a
particular eérthquakc selected as standard \Richter 1958),
and -1.35 isi;hc correction for Edmonton station. Hence,
substituting~tho spoctr;l amplitude evaluated at a frequency
of 0.8 Hz ve have -

' R3

. “
HL - ldgno.f logl[——wl j + 2.05.

If ve assume that all the events of the svarm have the
same rupture velocity of 0.9 times the shear vave velocity,
a shear velocity of 3.52 km/sec, a density of 2.9 gr/c’, and
rms average radiation pattern of 0.63 and a source dimension
2r of 1 km (this number comes from the spectral analysis) we

get
logM,=M,+17.6

for the Sato-Hirasawa model. This model seems to fit our
data. The intercept (17.6) of the relationship, using
Sato-Hirasava model, wvas modeled for a wvide variety of
rupture velocities, shear vave velocities, densities, source
dimensions, radiation patterns, end azimuths, using again
the subroutine ZSRCH (IMSL, 1979). The best fit was found to

be



lggH|—iH|*17-1

{fsuming a shear ;né rupture velocity of the same magnitude
(i.g km/sec), a density of 2.8 gr/c’, a source dimension of
100 meters a radiation pattern of 0.5 amd a azimuth of 71°,
Therefore, this search for a best fit tends to give smaller
source dimensions, than éhase observed in our spectral
analysis.
Gibowics (1975) calculated a similar theoretical
! =)

relation using Randall (1973) graphical relations, assuming

a circular fault and

function, given by v

o lOgM =M, +17,16
for source dimensions of less than 500, meters. This i;
Aesiinti;ly the same relationship that I found.
It should be noted that the sE?ZSs drops reported here
are just that, fractions of an unknown absolute stress. The
stress drops reported here are at best lower bcunds;gn the

actudl values of the absolute stress.

(p

3.6 Conclusions

fror

Some of the events detected at Edmont the Rocky

Mountain House Earthquake swarm appear to have source

depth of nearly 20 km. This conclusion is | on the match:-
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\

of retraé;ed phases vith theoretical travel time curves for
a model of Central Alberta. > |
AN A portable digital seismic station, operated during
August of 1980 at 52.26°N and 115.13°W, approximately 160 km
SW of EDM, indicate; mainly shallowv activity (less thanAG
Km). Nevertheless, there is one'event with S-P time gte:te:
than 2 seconds, indicating a distant or deep event.
Therefore, two kinds of activit?,‘docplactivity possibly
associated vwith thrust faults of the basement of South West
Alberta and shallow activity possibly induced by secondary
and torti;ry recovery methods in the Stracﬁan gas field may
exist. - +

* Seismic moments calculated for events with local
magnitude from 1.6 to 3.5 vary from.6.38x10'* to 2.21x10*°
dyne-cm. A reiation betveen seismic momgnt and local .
magnitude vas.tound to be iogM.y1.3M.*16.6 for magnitudes
from 1.6 to 3.5. This rclations;ip is similar to that found
in California by Wyss and Brune k1968) and Thatcher and
Hénks (19f§) for events vith magnitudes in the range from
3.0 to 6.0. A theoretical relationship vas calculated using
Sato-Hirasava (1973) model. A source dimension of one km and
a rupture velocity of 0.9 the shear velocity was used. This
relationship seems to fit our data best, and is essentialyﬁ
the same cath}ited by Gibowics (1973). Source dimension gnd |
stres; drop do not show any linear relation to local

magnitude; this could be due to the poor resolution of our

system.
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In the next chapter I analyse the Rocky Haunt:in House
earthquake swarm activity recorded at 'ihcfg;fgpiegntr:l
distances (less than 6 km) by a SFflngnitgl;kbR-1DO digital
intrument. This provides further information on the
reliability of source parameter estimates and a better

. insight into shallow activity. .
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4. Séur:;;pgr:!;é:r: from :hilla; events in the Rocky
Moudtain House earthquake swarm

This_Zhaptgr is based on a paper in press (Rebollar et al
1982). I report here saurég parameters of the Rocky Mountain
earthquake svarm derived from three component digital data
recorded:- on a nearby station. During 6 days in October 1980 .
2] events vere recorded. Pocal depths for tﬁ;sc events are
in the range of 2:2 km. Eleven events with 19:11 magnitudes
from 2.1 to 2.8 yielded source parameters. Corner
frequencies of the S-wave spectra vere found in the range
f-.2:0.5 Hz giving source dimensions of of 16010 meters. The .
corresponding P;vave corner frequencies are in the range !
8.613 Hz. The ratioc of P rc S corner frequencies varies from
0.9 to 2.1. There is a path effect between 13 and 16 Hz,
that could have affected these ratios. The average fall-off
over 3 components at high frequencies varies from -1.8 to
-2.3. High stress drops, ranging from 47 to 263 bars and
apparent stresses from 2.5 to 23 bars, were calculated. Five |
events have remarkably simiﬁaf :hg:a:terisgics in the
frequency and time domain. For these events the ratio of
minimum strain energy Ww,, according to Kanamori (1977), ;né
the energy calculated using the integration scheme of Hanks
and Thatcher (1972) was 3.7:0.5. A theoretical value givii
3.1. The seismic efficiency ranges from 0,210.04 to
0.17£0.8. Liége Seismic moments for a relatively small
magnitudes vere found. Some of these spectral

characteristics are best explained as the result of

85
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o
displacement along a smooth fault.
During late September and early October of 1980, a
local array cszivg analog vertical portable ggismié
stations vas operated by R. J. Wetmiller of the Division

Seismology and Geothermal Studies of Barth Physics Branch,

Alberta digital 3 component portable station vas deployed
near Rocky Mountain House Alberta in order to study the
seismicity of the area. This area is the most active zone of
seismicity in the South West Alberta. Some of this activity
has been detected at Edmonton (Rebollar et al 1981). This is
the first time that this kind of analysis has been done in
South West Alberta at short epicentral distances (less than
S km).

-

Events recorded by the analog and digital instruments
vere confined to an area of approximately 8 square km near
52° 12 N 4nd 115° 14 W at a depth of 4t2 km (figure 19)
(Wetmiller 1981). Those events may be confined in a
hydrocarbon bearing sedimentary layer from the upper
Paleozoic. '

ﬁThis‘stuéy is mainly concerned with the evaluation of

P

accepted source model (Brune 1970,1971). These source
ip;:imetefs are compared with already published data,
‘theérezieal models and results from labe:;tefy experiments
of shear crack displacements in an effort to explain their

particular features.
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Pigure 19.... The location of the Rocky Mountain earthquake
svarm. The dash square indicates the seismic locations
reported by Wetmiller 1981 an the locations of the digital
station. Almost all the locations were near the gas wells



4.1 Digital Recorder

A three channel Spfeﬂgﬂ:th;: digital recording system-
médgf‘BRi1DD vas used in this experiment. This recording
Syiteg vas connected to a five-pole antinli;:ing Buttervorth
-filters and to Mark product L-4C-1.0 Hz seismometers, to
provide a single 3 component portable station. The ;;ipling
rate used in this experiment vas 100 samples per second.
Absolute time vas synchronized with the WWVB signal. A
féspense curve for the combined recorder-seismometer for
maximum gain of 120 and 60 db is given in (figure EG)EThe
station was located at 52.23°N and 115.27°W, and operated
from chabéf 3 to October 9 1980 figure 19. The station was
set up in sediments from the Cretaceous, and operated vwith a

-—Gain of 66 db due to local background noise (mainly wind

generated and gas field activity).
~ | | -
4.2 Event Locations
AN

In order to analyse the events we need a structural
model. Richards and Walker (1959), from an approximately NS
refraction profile near 113.5°W and between 50.8°N and
§1.9°N, reported two sgéimentary layers above the basement.
The uppper one is of Mesozoic age with a thickness of 2 km
and a P velocity of 3.6 km/sec. The lower one is from the
Paleozoic with a thickness of 1.5 km and a P velocity of 6.1

km/sec (figure 21),
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o One of the events shows no discernible P or S vaves.
Five events are ﬁ:markable similar i;,ill three components
bottom of (figure 22) and (figure 23). This is not the first
time that this kind of earthquakes has been observed. Geller
and Mueller (1980), reported four similar earthquakes in
central California :t::pie-neégl distances from 20 to 51 km.
This also has been observed in the Victoria earthquake svarm
of 1978 in the Valley of Mexicali, Mexico, and in the
aftershocks of the Oaxaca eartquake of, November 28 of 1978
(L. Munguia personal comunication). This similarity implies
that they are clustered in space so that they sample the
same path to the recording station. The maximum amplitude
vas recorded in .the EW' component, vhere there is a dominant
signal with a period of about 0.2 sec, that correspond o &
vave length of 0.6 km assuming a S phase velocity qﬁ 3.0
km/sec .

The S-P times of these events are in the range 1,0:0.4
seconds. The P affivgl vas read in the vertical component
and the S arrival in the horizontal component. I calculated
theoretical travel time curves Ui}ng the Richards & Walker
model (1959). A travel time curve for a source depth of two
km gives an epicentral distance of 3 km, for a source depth
of ¢ km this correspond to an epicentral distance of 2.65
- km. Deeper iéu:e:»acpthj do not predict the observed S-P
time, for example a travel time curve for a source depth of
6 km predict a minimum S-P time'éf 1.2 seconds above the

epicenter. Therefore these events have a source depth of
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transverse T and radial component R of the S vave. PZ is the
P-vave spectrum calculated from the vertical component,
arrovs show corner freqguencies.
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approximately 2+2 km figure 21.

These events do not have a large content of high
frequencies, even though the station was v:fj near the
epicenter. It is well known that irregular rupture
fault enhance high-frequency vaves (Miyatake 1980a, 1980b).
Perhaps these events correspond to a process in vhich a
barrier is being repeatedly broken and healed. In this case
the events share the same dynamic and kinematic
characteristics. Another possibility is a collinear shear
crack (Rudnicki and Kanamori 1981). Geller and Mueller
suggest that the clustering and similarity indicates that
these earthquakes can represent stress release at the same
asperity.

One event with a relatively large S-P (2.1 sec) time
vas Eezsrded, thérefére is not possible to determine the
approximate depth or eépicentral distance. I filtered the
signal for this event with different bandvidths and still
observed clear P and S vaves. Perhaps it is one of the deep
events analysed using Sn phases at Edmonton. Unfortunately {

this event was not recorded at Edmonton (figure 21-b).

4.3 Calculation of the Spectra
Source parameters vere calculated using Brune's (i§70; '
1971) model. This theory has been found to be valid in

general both at short epicentral distances &f a fev
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kilometers and at teleseismic ai;tinégsg See, for example,
Hanks and Thatcher (1972), Hanks and Wyss (1972), and Hanks
(1981) among others in an extensive literature.

moment are: free surface reflection of SH or SV waves,
radiation pattern, seismic attenuation, geometrical
spreading, and instrument response. In this study eleven
reliable events vere used in order to get source parameters.
Epicentral locations, azimuths and angle of incidence

These events vere rotated in order to have a "pure” SH wave
in the transverse component, and the horizontal component of
the SV wave in in the radial term. Corrections for free
surface reflection of the radial and vertical component of
SV waves wvere calculated using Nuttli's (1961) formulas.
Taking into consideration short epicentral distances and the

sedimentary layers of the South West Alberta, a Q of 150 wvas

used to correct for attenuation in both S and P spectra.
However, errors in the choice of Q are not critical because
of short nﬁic:ntral distances.

| The sedimentary layers of the Séu;h West Alberta
consist of shales, siltstones, ilﬁdité;i!; and carbonates
vith_;céumulaticn;'af hydrocarbons ranging in age from the
Paleocene Period éa the Cambrian period@ in the Paleozoic Era
{Bokman '963). Therefore, ! assumed a P vave v;lgeity of 5.
km/sez, a density of 2.5 gr/cc and a Poisson ratio of 0.33 ,

in order to take into consideration the low velocity body
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vaves of sediments reported by Richards and Walker (1959). -
Sample lengihs of 1.0 and 1.5 seconds wvere used for S vave

spectra and 0.5 seconds for P vave spectra. All the spectra
vere filtered betveen 1 and 45 Hz and smoothed vith a Daniel

windov of 1 Hz.

4.4 Source Parameters and Discussion of the Spectra
Eighteen events vith S-P times of the order of one
second wvere analysed; of those eleven yielded source &
parameters. The spectra of these events show a significant
path effect between 13 and 16 Hz in the transverse or
North-South component and vertical component of the spectra.

This effect is less prominent in the radial or East-West

I

component. This path effect makes it difficult to recognize
corner frequencies, and sometimes it suggests a spurious
corner frequency at high frequencies, see figures 25 and 26.
In the spectra of P wvaves this effect is even more .
noticeable, moving the corner frequency of four events up to
11 Hertz (figure 24). Spectra of some of the events are
shown in (figure 25) and (figure 26). Similar everits showv a
great resemblance in the spectra (figure 22 and 23).
Laboratory experiments have shovn, that the spectra of
vav§; radiated from the displacement of a homogeneocus fault
have a simple spectrum i.e. a low level amplitude an the

fall-off at high frequencies vith a few peaks decreasing in
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inhomogeneous fault (with asperities or obstacles) have a
different form; the low level amplitude and the peaks in the
fall-off at high Efequeﬁ:;gs are comparable in magnitude
vith the lov level trend, suggesting two corner frequencies
(Vinogradov 1978). Therefore, these results could explain )
high peaks at* "high" frequencies ih our spectra; However,
the same experiments show that shear displacement along a
homogeneous fault (without asperities) gives a high sgis:ié
moment for a relatively small magnitude. This is in
agreement with our results. Since seismic moment is a more
reliable barametef ve conclude that those effects present in
;ﬂe observed spectra are more likely due to local
inhomogeneities.

Corner frequencies uére found in the range of 5.8 to
6.3°Hertz. This is equivalent to source dimensions froh 161
to 148 meters. Some corner freguencies in the P wave spectra
are strongly affected by path effects as can be seen in the
spectra of figure 24. Hanks (1981) pointed out that source
parameters calculated at a single station are more likely to
be affected by path effects.

Stress drops for those 11 events were consistently high
ranging ffom 47 to 263 bars. Previous work has found stress
drops in the range of a fev tenth of a bar to 100 bars for
éveﬁts.;ith lbcalyﬁagniéudes‘fram i1.3;éa 3.4, Wyss and |
Brune (1968), Douglas and Ryall (1972), Thatcher and Hanks
(1972), Bakun et al (19?5), Jonhson an Hsﬁvilly (1974),
Fletcher (1980), Marion ané Long (13980), and Rebollar et al
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- (1981).

Bakun et al (1976) reported stress drops of the order
of 245 bars calculated from the spectra of P waves. Hirtsell
and Brune (1977) found sgresi,éréps in the range from 1 to
636 bars for 61 events of tﬁz Brawley egrthqugle swvarm with
magnitudes from 1 to 4.7. :

Stress drops of possible deep events of the Rocky

Mountain House earthquake swvarm are of the order of a few

tenths of a bar~{(Rebollar et al 1982). Since the shallow
events have highrstress drops this seems tg ésn:fadigt thé
observations that zhe'st:ess drop increases with égpéh
(Fletcher 1980, and Hartzell and:Brune 1977). However, this
observation could indicate that shallow events might bé an
indirect consequence of the extraction of oil and gas
'!ihEEEBS deep events are more likely of tectonic origin.
Figure 19 shows the epicenter area reported by Wetmiller

(1981). Those epicenters tend to lie near the gas wells of

the Strachan fields. \‘?::::j:;::? \
: Source parameters of Ve similar events are more

seismograms. A plot of local magnitude versus seismic moment
(figure 27) shows consistently large seismic moments for
this range of magﬁituégsi However, th!yg£ali;v the same
slope a8 the relation logM,=1.3M,+16.6 (Rebollar et al

- 1981). Large seismic moments for felatiﬁgly small magnitudes
have been observed 11 laboratory experiments of shear

sliding along a smooth fault (Vinogradov 1978), This could
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station. Heavy line is logM,=1.3M,+106.6.
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explain those high moments, even though 1aéa:atgfy
experiments are an over-simplification of a real earthquake.

The radiated energy E was calculated using Hanks and
Thatcher (1972) integration scheme. They found an analytic
expression by integrating the far-field shear displacement
spectra proposed by Brune (1970), assuming a complete stress
drop (€=1) and a fall-of at high frequencies of -2. Thatcher
and Hanks (1972), however pointed out that uncertainities in
‘the fall-of at high frequencies can give a misleading
measure of the energy. In our case the Eerage :slape in the ’
three‘conponents of thefshegf spectrum at high fregquencies
varies from 1.8 to 2.3 (table 12). Therefore, errors in the
calculation of the radiated energy due to the slope at high
frequencies are small. Most of the energy of small ‘I'
earthquakes is radiated in short period vaves, hence,
because of the small epicentral distances litle energy can
be lost. Therefore, the integqration scheme can give a better
estimate of the radiated energy.

Energies range from 2.4x10'* ergs (M,=2.1) to 2.1x10'"
ergs (M,=2.8). Radiated seismic ;nergiis c;lcﬁl;t:d using
Gutenberg and Richter, and Thatcher and Hanks “empirical
relations derived for,Cafifcfﬁig give smaller valu?;, as wve
can see'fro;foigufe 28) This could mean that the |
iﬁteération sékeme gives a better estimate ‘of the f:éiaﬁjé
energy at short epicentfal digtaneés (less than 4 km).

»Corner-f}equencies of P wave spectra were consistently
larger than thése of{ the S wave spectra. Only one carneé

L
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frequency of P vaves was found to be less than the
corresponding corner frequency of the S wave spectra table
12. P vave frequencies seem to be more affected by local

path effects. Those path effects are easily recognized

because they appear in the same ra: pf fregquencies
independent of the obvious vifi!tiZijn the radiation
pattern that can be recognized by inspection of the
seismograms. Ratios of the P and S frequencies (corner
frequency shift) were found in the range of 0.9 to 2.1.
However, the average ratio of fp to fs in the similar events
is 1.2:0.2, more in agrement with the general abs:f@é;ien
that fp/fs is greater than one, and vwith thgareticgiageégls
that treat earthquakes as equidimensional faults (Brune
1970, Madariaga 1976, Burridge 1975), or long and narrow
faults with near-sonic or transonic rupture velocities
(Savage 1974). Hanks (1981) suggests that the frequency
shift is an intrinsic characteristic of the far-field
spectra of body waves independent of source strength
(seismic moment), hypocenter, epicentral distance or

., recording device. -

_ The minimum strain energy drop W, (Kanamori 1977) is

_ Ao e
R AR ~§°~»a; ﬁ ‘g P wv'fi s s i g - - .



107

Which assumes a complete stress drop (0,%0) or if the
Orovan (1960) condition is met (azicf). Substituting the

moment and stress drop according to Brune (1970,1971), we

get
, o 212% _..2.2 .3 ’
Ha l,ZE_EB! ﬁg IE

Eﬁcrg p is the density, B is the shear vave velocity, R is
the epicentral distance, fc is the corner frequency, 2, is
the low level amplitude of the SH spectra, and 1.26 is the
product of the average radiation pattern and the free
surface reflection cf SH waves. The radiated seismic energy

Es according to the integration scheme of Hanks and Thatcher

15(1.26)

(1972) is given by f
3 } *
) 128 = .22 .3
. < —— PBR A, £,

Takiné the ratio of W, and Es ve get Ha = 3.1 E

If ve assume that 1/3 of the seismic energy is contained in

the P wvave we have

-

=

' This means that even though W, is a minimum estimate of the
energy, the integration scheme gives even lower values of
the radiated energy. Values of W,, Es, and the ratio of

W,/Es are given in (table 13). This ratio for the similar
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" SININEN STRAID ENERCY RARIATES SEZISMIC v /e
. . mer v INLRGY £ .

1.1
2.1 1.90108 1.4m10%? 11.2
2.4 A TIC 6610t 1.2
2.3 s.yu10® 8.3x10"? 6.4
1.3 s.1s10%7 1.1s10t? 3.0
2.8 1.3x10'? 12.2x10t7 T e
1.8 3.0=10t? s.9s10't 3.3
2.3 » 1.9m10%7 s.am10'® 1.7 )
;
2.6 2.0m10'7 s.0n10'* T el
2.8 s.ax10l? 1.es10!7 3.8
7 17 :

2.7 s.1m10t7 1.3x10t ).

minimum strain energy according

Table 13.... Comparison of : 3y
ated seismic energy by Hanks and

,to Kanamori 1977 and Rad
Thatcher 1972 :

ol »]
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[

events is 3.7x0.5, in good agreement with the theoretical
result (W,=3,1Es) which does not include the contribution of
the P-vave energy. However, events | to 6 give an average
ratio of 6.8 with a large standard égviaticn of 3.

The apparent stress is defined (Wyss 1970) as

uE
- "
no = M
o

Where n is the seismic efficiency, 0 is the average shear
stress, v is the shear modulus, E,is the radiated seismic
energy, and M, is the seismic moment. Uncertainties in the
evaluation of the apparent stress are a directA:aniequen:e
of the uncertainties in the evaluation of the radiated
energy. Therefore, the seismic efficiency is one of the most
uncertain pgr::gtjrs in seismology. However, ?yss (1970)
calculated a seismic efficiency of 0.1 for éeép and
intermediate earthquakes in South America. Apparent stress
calculated by the wyis formula range from 2.5 to 23.2 bars
table 12. A plot of stress drop versus spparent stress can
be compared with that calculated by Hartzell and Erune
(1977). Even though there is some scatter it follow a

similar trend (figure 29). Those differences indicate
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Figure 29.... Plot of apparent gtress versus stress drop .
The heavy line shows Hartzell and Brune 1977 relation for
the Imperial Valley. Similar events have a relation of
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regional variations in the apparent stress and consequently
the state of stress in the crust of the Rocky Mountain House
area. -

The ratio of stress drop to apparent stress for similar
events is almost constant ;t 7.4 with a standard deviation
"of t.1. This ratio suggests a possible way to calculate
absolute stress, hovever, in order to do this it is
necessary to knov the seismic energy and the frictional
energy.

Following Wyss (1970), it is possible to calculate an

approximate upper bound for the seismic efficiency given by:

2ng
maAX Ac

‘Seismic efficiency calculated in this wvay for the siéilar
events gives a constant value of 0.2:0.04. This reflects the
need to pick the correct corner frequencies in the spectra.
Events 1 to 6 give 0.1720.8 (table 12)..Thesg high values
appaerently suggest a high canve???aﬁ of potential energy to

elastic seismic energy for these shallow e:éthu:kg:;

¢.4.1 Further Field Work .

On September 19, 199? 1 deployed, in §h§ Strachan gas
field, a Sprengnether DR-100 digital seismic station in
order to detect deep seismic activity from the Rocky

Mountain House earthquake swarm. This station is located at



52.23°N and 115.27°W, at the same place vhere it was lcc;ﬁgd
during the study of 1980. This station has been recording
shallov activity (S-P times of less than one second), like
that reported at the begining of this‘eh;ptef, and possible
deep activity.

. Duri;g three months of observation two events vere
recorded both at the nearby station and at the analog and
digital station of Edmonton. The first event occurred on
September 23, 1981, and was recorded at 11 hours 37 minutes
and 50.5 seconds at Edmonton. It has an S-P time of 20.5
seconds and does not shov any refracted phase in the analog
record. This could be due to its small magnitude (uJ!1_3>.
This e%&nt recorded in the Strachan gas field station :havi
internal clock of the Sprengnether intrument in very cold
~eather, it is not possible to read with accuracy the
arrival time of the signal. Even though the S wave saturated
the instrument, it vas possible to read an S-P time of 1.42
seconds, that is equivalent to a maximum epicentral distance
of 11.5 km ;iiuning a half space vith a P vave velocity of 6
km per second. This also could be a possible deep event.

The second event vas recorded at Edmonton on November
25, 1981, at 14 hours, 25 minutes, 12.5 s:canésg_This event
vith a local m;gnitﬁée of M,=2.8 show clear:refra:téé phasés
in the analog systeﬁ:'it has a Sg-Pg of 20.8 seconds and a
§g-Sn of 1.2 sec;nds (A typical Sg-Sn in the digital records

is 1.9 sec¢conds). The Sprengnether station show clear S-P
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times of 1.54 seéonds, that is equivalent to an epic;ntral
distance of 12.6 km. Therefore, those events with S-P times
of 1.5 seconds recorded in the portable digital station, if
not definitely proving the existence of deep seismicity at
least shov the posibility of events with depths of more than
10 km, in agreement with our conclusion of chapter three. A
definite solution of this problem requires the deployment of
a network of three digital seismic stations for at least six

months of continuous operation. ‘

. 4.5 Conclusions, -"{"

Bvents wvith S-P times of about ohe second, and source
depths of 2t2 km, show different amplitude; of P and S
vaves, indicating dislocations with distinct fault
orientations. Similar events have small variations in source
.parameters, perhaps indicating a process in which a barrier
or asperity is being repeatedly broken and healed. Stress
drops and apparent stress vere consistently high for all the
events. Hydrocarbon recovery operations can cause
concentration of stresses in surrounding areas. This could
result in brittle fracture in the sedimentary rocks or the
granitic basemdnt by activating ancient faults,.joints, or
by rupturing qlonq pre-existing cracks. Laboratory
experiments reveal a lesser accumulation of Qtrain en?réy,

and consequently stresses, in a closed fracture as compared

vith an open fracture (Shamina et al 1978). Therefore, high

o

(9%
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stresses could indicate a highly fracture zone, since stréss
drops repfgseﬁtrminimug tectonic stresses related to the
seismic events.

Rgdi;téé!sgisﬁia energy calculated using W,=(40/2u)M,
(Ranamori 1977) %and Hanks and Thatcher (1972) give a ratio
of 3.1; in good agreement with the observed ratio of 3.7:0.5
for the similar events. Larger energies wvere obtained for a
given magnitude using Hanks and Thatcher (1972) method than
those calculated using the empirical relationships of
. Gutenberg and Richter and Thatcher and Hanks for events in
California. This could mean that the integration scheme
epicentral distances (less than 4 km). Values of 0.220.04
and 0.17¢.8 for the seismic efficiency vere found,
suggesting a high conversion of potential energy to elastic
energy for these shallow earthquakes.

Corner frequencies cflthe S-vave spectra were found
between 5.8 and 6.7 Hz, given source dimensions from j§0 to
169 meters. The ratio of :arngriffequen:ies of P-wave and .
S-wvave ipigtf; give a value of liitciz-far the similar
events, as is usually observed (Hanks 1981). However, corner
frequencies for events 1 to 6 give ratios ranging from 0.9
to 2.1. These ratios could have been affected by local _
inhomogeneities. Bvidence for such anomalies is. found in our
spectra betwveen 13 and 16 Hz,

A plot of local magnitude versus seismic moment gives



magnitudes. However, they follov the same trend as the 7
felatienshiprgcuné for deep events by Rebollar et al (1981).
Laboratory experiments shov that displacement along a smooth
fault is a possible mechanisam of earthquakes vith large

seismic moments and a relatively small magnitude (Vinogradov

1978). This could explain those high moments.



S. Other seismicity of South West Alberta and Conclusions
Seismic records from the Edmonton seismological observatory -
since 1970 provide evidence for active séismic zones in the
South West Alberta and in the Rocky Mountains. There is a
seismic zone near Rocky Mountain House, and another'near
McNaughton Lake. An earthquake occurred in the Willmore
Wilderness Provincial Park (The Willmore event) on October
9, 1977. The seismic moment of this event calculated at
‘Edmonton from the SV spectrum vas 6,7+2x10?* dyne-cm. The
seismic moment of the McNaughton lake earthquake of May 14,
1978 calculated from SV waves at Edmonton, was 7.6+2x103%?
dyne-cm. This compares reasonably wvith the value calculated
from surface vave spectra (Rogers et al, 1980) at several
stations. . .

Durin§ the last 10 years there has been a denser
distribution of seismic stations in British Columbia than in
.Alberta. Alberta had oniy (table 14) two seismic stations in
continuous operation (EDM and SES), making epicentral
locations of micro-earthquake fctiviﬁy in South West Alberta
difficult. Barth Physics Branch of Canada usually reports in
its monthly bulletin, unlocated events deteécted in a single
station. Those events recorded at Edmonton usually have
local magnitudes between 1.7 and 2.5 and typically SfP times
between 19 an 22 sec. A | o

Seismic zoning maps of Canada, (Whitham and Milne 972,
Whitham et al 1970, Whitham 1975}, suggest that the South

West Alberta and the Alberta Plains iies in the zero zone.
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Station
EDM
SES
PHC
GDR
ALB
ALB
FSJ
HYC
PGC
PIB
PNT
SKB
FSB
MCE
CUM
DAI
DWN
MCV
SPR
TAB
THO
vVIC
QCC
BLU

Start-up
?2/04/63
5/11/66
?2/12/62
4/28/78
3/22/62
8/11/75
5/12/65
9/01/75%
?/08/78
11/01/78
1960
10/20/78
4/30/79
6/04/77
10/15/72
10/15/72
1/28/77
9/16/74
8/12/73
10/18/72
10/15/72
1898°
7/24/71
12/12/72

Shut-down

7/01/72
4/17/79

3/29/78
7/13/77
6/06/77

Latitude
53.2217N
50.3958N
50.7070N
49.7817N
49.2720N
49.2720N
54.4630N
49.2656N
48.6500N
48.8167N
49.3167N
53.2478N
54.4767N
52.0030N
52.0869N
52.1986N
51.4656N
52.0081N
52.0153N
51.7511N
52.6892N
48.5200N

53.2550N

52.1533N
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Longitude
113.3500W
111.0417W
127.4370W
126.0550W
124.8300wW

. 124.8300W

124.2800W
122.5731W
125.4508W
123.3167W
119.6167W
131.9963W
124.3283W
118.5620W
118.2117W
118.3844W
118.4681W
118.5608W
117.2564W
117.7617W
119. 1208w
123.4200W
132.0883W
119.2764W

Table 14.... Active seismic stations in British Columbia and

Alberta

In this zone the annual probability that accelerations of

more than 0.01 g will occur is less than 1 X. This probably

reflects the lov level of seismicity in South West Alberta,

but it could also reflect the detection thresholdldf the

permanent stations (M, near 3.5).



5.1 Previous Studies

A seismicity map of Canada (figure 9) shows a great
scatter of events along the Rocky Mountains. Historical and
recent earthquakes have been located close to McNaughton
lake in_the Rocky Mountains (Rogers and Ellis 1979, Rogers
et al 1980). This is the most active zone in the Rocky
Mountain Trench. Some of this activity (events with
magnitudes greater than 3.4) has been detected at Suffield
(SES), Penticton (PNT), and Fort St. James (FSJ), and
~located by the Seismological Service of Canada, Department
of Energy Mines and Resources, Ottawva.

Prg;icus studies of seismicity in Western Canada have
been concerned with thg!effshéfe seismicity of British
Columbia, its te tan;: réiatién with m;jar plate boundaries
and the detection threshold of the Canadian Network in 7
Western Canada (Milne et al 1978). This study is mainly
concerned with the description and interpretation of records,
of micro-earthquake activity in South West Alberta recorded
at” the Edmonton seismological observatory (EDM).

++fff all the events recorded at éémantaﬁ from the Rocky
,Mountain House earthquake swarm (table 15), fifteen events
with clear Sn refracted phases vere located by Ottawa.

A recent e:;mplg of activity in this area, the Hillmare
-eafthquake (E;gué% 30)\ a;cu:red on October 9, 1977. It was
located at 53.63°N and 118.29°W had a focal depth of 18 km,
a reparéed magﬁitude of 3.3 (Ms) and 4.4 (mb). The

McNaughton Lake earthquake of May 14, 1978, (Rogers et al



Date

M.D.Y.
Jun2276
Sep1376
Oct 1576
Oct2376
Dec0976

Jul0277

JulQ577
Jul2077
Jul2477
Jula4??
Jul2477
Jul2?777?7

Jul2977,

Jul3177
Aug1177
Aug1377
Aug1477
Augi1477
Augi477
Aug2777
Sep0877
Oct2677

. Jan1478

Jan2178

Jan0579
Feb0979
Feb1179
~ May2879
Jan0880
Jan0980
Jan2380
Sep0480
Sep0480
Sep0480
Sep1680
Sep1780
Oct 2980

Table 15....

Arrival
Time
H.M.S.
03.37.48
10.24.20
09.47.53
02.31.12
07.27.36
22.17.48
12.53.23
13.36.33
20.39.50
20.40.25
01.22.57
09.07.30
11.24.20
17.49.57
02.17.43
15.28.43
02.58.30
08.51.18

06.24.26

21.43.37
21.46.25
21.48.27
11.51.33
10.43.10
00.34.01
08.27.59
00.10.60
03.18.16
01.23.54
02.04.31
18.43.48
07.56.21
03.14.03
10.17.13
02.07.15
22,46,09
16.31.14
23.43.22
05.07.60
17.49.25
21,03.31
01.32.60
09.58.09
03.23.48

Events located by

Epicentral

LATITUDE
52.13°
52.27°
52.22°
52.25°
52.13°
52.20°
52.20°
52.25°
52.09°
§2.11°
52.23°
52.19°
52.10°
52.18°
52.24°
52.06°
52.15°
52.26°
52.29°
52.28°
52.15°
52.20°
52.19°
52.15°
52.27°
5§2.17°
52.40°
52.06°
52.37°
52.21°
§2.22°
52.25°
52.24°
5§2.17°
52,19°
52.14°
52.22°
52.17°
52,25°
52.21°
52.19°

'§2.17°

Location

LONGITUDE

115.24°
115.42°
115,39°
115.46°
115,.22°
115.29°
115.34°
115.46°
115.18°
115.14°
115,24°
115.23°
115,13°
115,.22°
115.30°
115,15°
115.20°
115,34°
115,32°
115.21°
115,15°
“s5.19°
115,24°
115,19°

' 115.26°*

115,23°
115,.36°
115.24°
115.41°
115.46°
115.35°

115.39° .

115.38°
115,.31°

115.31°

115,.14°
115.22°
115.07°
115.12°
115,.32°
115.35°
115.33°
115,25°
115.24°
115.19°
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Pigure 30.... Location of Snipe, Willmore and McNaughton
events and some events located by EPB from the Rocky
Mountain House earthquake swarm. Dash are depict maximum S-P
time recorded ar EDM equivalent to 120 km



1980) showed .8 right-lateral strike slip faulting combined
wvith .5 of thrust movement. The preferred fault orientation
is N10°W. The maximum principal stress axis is néafly
horizontal oriented in a northeast direction.

| yEarthquake svarms have been observed before and after
the impounding of the McNaughton lake reservoir (Ellis et al
1976). Ellis and Chandra (1981) analysed the seismicity of
the McNaugthon lake reservoir. They found an:average of one
earthquake with ?agnituag M,23 every 2 years in theipcriaé
of 1963 to 1972, and four earthquake swvarms sequences in the
period of 1973 to 1978. They suggest that the activity is
, hostly of tectonic origin., Earthquake sSwarms have also been
observed near Bella Coola British Columbia and near Mould
Bay (Milne et al 1969). Rogers (1981), based on the
decreasing age of the Anahim volcanic belt from the coast to
the Rocky mountains, the high level of seismic activity and
the relocation of recent and historical earthquakes,
suggests the possible existence of an active hot spot
beneath the Rocky Mountains, near McNaughton lake.

In the Plains an earthquake occurred in 1909 in
Souihern Saskatchewan vith a probable magnitude of 5.5
(Stevens 1977). More recently an event occurred in 1968, 50
km north-east of Bengough close to Amulet vwith a magnitude
of mbe2.,9 (Horner et al 1973). In 1972 the Bengough event
occurred at approximately 49.35°N and 104.93°W. .This event.b
in spite its small magnitude (mb=3.7), was throughly

analyséd by Horner et al (1973)§:They studied intensity
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isoseismals, magnitude, epicenter location, focal depth
(approximately 10 km), and focal mechanism. In order to
calculate the-focal mechanism they used the radiation
pattern of Love waves for a shallov event. The Bengough
event was probably strike slip, striking approximately N 30°
E.

No historical earthquakes have been reported in the

‘'South West Alberta or the Alberta Plains. However, the Snipe

Lake earthquake, of magnitude mb=5.1, occurred on March 8,

1970, This event was felt over approximately 100,000 km* in

EiE!t central Alberta. It was located near 55°* N and 116.5° W

»

vith a probably focal depth of ‘9 km (Milne 1970). Even
though the magnitude of this event was relatively high for
this part of Canada it was not recorded clearly in many

stations. Therefore, no fault plane solution is available,

and the probably cause of this event is unknown. It occurred
in an area where oil and gas is produced.

Milne and White (1958), using three seismic stations in
the Crowsnest Pass area of Alberta and British Columbia
during a period of three, years Eauﬂé a correlation between
coal mining activity and seismic events. An average of five
bumps per day was recorded in active mines. Using a small
array (figure 30) at Fernie, Hgsmg;, and Anderson sha;Qd
that the locations were confined near the coal mines. Local
events detected at stations located at Fernie, Coleman,
Tufner Valley and Banif showed that there are

micro-earthquakes (with magnitudes less than 3) extending



from the International Border to Banff. The distribution

seemed random in the South West Alberta and in the Rocky

Mountain Range. Howvever, this could be due to a poor time
control. No relationship betwveen mine tremors and local

earthquakes was found.

5.1.1 Seismicity in South West Alberta as Seen by Edmonton

Seismograms recorded at the Edmentan seismological
observatory have been read on a routine basis since 1963.
Only first arrivals were read from 1963 to 1969 but S-P
times have been available since 1970 (table 16).

A histogram of local events (S-P times less than 60
seconds) shows all possible events from the South West
Alberta (figure 31). Care was taken to avoid mine blasts,
wvhich usually occur during working hours and at fixed
intervals of time. The largest events vere correlated with
S-P times at SES, PNT, and FSJ; generally located by Ottawa
table 15, A Eelitively high level af seismicity was observed
from 1970 to 1972 (figure 31-a)u ‘Then the sezsm;clty '
decreased to an average of 2.2 events per year. Figure 31-a
only includes wvhat Iﬁ’dﬂ the "Normal Seismicity of the‘
South West Alberta”. It does not include the Refky Mountain
House egt;hqu&ké_sﬁ;rm (RMHES), that :ppﬂ:gntly started in
1976. Figure 31-b includes the Rocky Mountain house
earthguake swarm. Events from the RMHES are éasily
re:agnisgd'sin:g they generally h;#t an average S-P time of -

21.7+0.7 seconds at Edmonton.’
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ARRIVAL TIME

MONTH DAY HOUR MINUTE S-P LOCAL .
YEAR SECOND TIME MAGNITUDE
JAN1676 20.21.09 21.0
JAN2476 16.09.22 20.5 3.2
JAN2576 19,27.00 20.0 1.5
JAN2676 19.37.18 21.5 2.2
JAN2776 01.48.07 24.0
JAN2776 04.13.00 20.5
JAN2776 04.21.39 24.0
JAN2776 05.33.27 22.0
JAN2776 0s 35,52 20.5 1.9
JAN2776 05.43. 20.6
JAN3076 15go7_25 20.0 2.2
FEB0876 18.49.02 21.0 1.7
PEB0876 23.04.14 20.0 2.4
MAR0676 09.35.36 20.0
MARO676 20.44.49 20.0 ; |
MAR1076 03.49.54 22.0 1.9
MAY0176 06.44.09 21.0 2.0
MAY 1376 04.48.04 20.9 1.9
MAY 1376 06.26.43 21.0 2.2
JUN1876 11.26.17 20,2 2.1
JUN1876 14.28.04 20.5 3.4
JUN2176 21.59.29 18.0 2.3
JUN2276 03.38.14 21.0 2.7
JUN2776 13.28.03 20.2 2.2
JUN2976 00.40.43 23.0 2.1
JUL0876 05.24.08 20.6 2.6
JULO876 05.26.00 20.7 2.1
JUL3076 11.57.18 21.0 2.2
AUG0876 18.16.02 20.0 2.3
SEP0176 22.45.31 20.5 3.2
SEP1376 10.24.48 19.2 2.2
SEP1476 02.44.43 22.5 2.4
OCT1376 10.54.05 20.7 2.5
OCT1576 09.48.21 2007 2.1
OCT1576 . 15.33.56 21.5 3.2
OCT2376 02.31.40 21.1 2.3
OCT2776 06.20.53 20.0 1.7
NOV0376 11.42.54 20.8 2.4
NOV2976 02.28.47 20.5 2.2
DEC0176 15.52.46 20.6 1.8
DEC0276 03.36.16 19.3 3.0
DEC0976 07.28.03 20. 1 2.8
DEC1876 19.51.06 22.0, 1.6
DEC2376 22.18.17 20.3 2.8
DEC3076 12.53.51 20.8 2.5
DEC3076 13.37.01 21.0 1.5
JAN0577 03.10.44 20.5 2.6
JAN0S577 03.41.24 20.5 1.7
JANO577 10.48.35 21.0 3.0
* JANOS577 23.28.11 3.9



JANO677
JANO0877
JAN0877
JANO877
JAN1477
JAN1977
JAN1977
JAN1977
JAN3077
JAN3177
FEB0377
FEB0477
FEB0477
FEB1077
FEB1177
FEB1577
FEB2477
FEB2577
MARO 177
MAR0S577

MAR2377

MAR3077
APR1077
APR1277
MAY2277
JUNO477
JUN1877
JUL0277
JUL0377
JUL0577
JUL2477
JUL2477
JUL2477
JUL2477
JUL2477
JUL2477
JUL2477
JUL2477
JUL2577
JUL2577
JUL2677
JUL2677
JUL2677
JUL2777
JUL2777
JUL2777
JUL2777
JUL2977
JUL3077
"JUL3177

AUG0277

AUG0477
AUG1177

02.44.30
04.40.13
07.05.33
12.32.22
16.27.52
11.18.32
14.21.38
21.12,.15
08.39.25
18.40.00
17.30.48
14.34.25
16.26.07
20.25.50
05.20.33
03.52.06
18.42.28
04.00.19
07.49.39
19.56.19
13.15.58
19.58.02
04.26.11
17.14.05
17.33.17
06.59.37
04.06.46
20.40.15
10.64.37
20.40.52
09.07.56
10.03.06
11.24.48
11.33.41
11.52.30
16.06.13
17.50.23
21.59.54
01.36.53
08.59.3¢
05.11.25
07.36.13
09.19.11
02.18.09
04.27.06
07.54.01
‘2.‘6.57
15.29. 11
15.06.08
02.58.56
06.54.54
04.06.03

- 08.571.45

21.0
191
21.0
20.3
20.3
20.5
19.5
20.8
20.3
18.5

21.0 -

20.0
20.5
21.7
20.0
20.5
21.0
20.8

20.5

20.6
20,0
19.9
19.6
20.6
20.9
19.1
19.7
20.0
20.1
20.7
20.8
19.9
21.0
21.0
20.0
19.5
20,0
19.8
19.4
21.7
18.6
19.3
20.9
19.5
21.0

22.6

20.7
20.0
19.0
2t.3
20.7
19.6
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AUG1377
AUG1477
AUG1477
AUG1477
AUG1477
AUG1777
AUG2377
AUG2777
SEP0877
SEP1177

SEP1277

OCT0277
0CT0277
OCT2677
0CT3177
NOV1177
NOV1977
DEC0877
DEC1077
DEC2277
DEC2377
DEC2477
DEC2877
DEC3077
DEC3177
JAN1378
JAN1478
JAN1778
JAN1778
JAN2178
FEB1378
FEB2678
MAR1078
MAR1478
'APR1478
MAY2078
JUN2678
JUN2878
JUL0378
JUL0678
JUL 1878
JUL 1978

JUL1978

JUL2778
JUL3178
AUG0378
AUGOB78
AUG0978
AUG0978
AUG1278
AUG1478
AUG1578
AUG1578

06.24.53
21.44.03
21.48.54
21.59.10
22.16.36
05.50. 11
06.36.12
11.51,.59
10.33.37
07.18.16
09.46.13
21.33.52
21.47.16
00.34.27
09.31.58
11.31.48
03.01.03
19.28.30
01.03.08
07.38.53
20.52.40
12.12.18
11.53.40
21,25,25
10.16.58
14.27.54
08.28.17
19.35.38
21.07.39
00.11.24
00.01.11
03.18.44
14.33.44

05.51.26

10.07.14
14.14.08
06.11.06
08.07.29
08.45.05
02.37.11
22.16.45
06.50.37

08.49.42

10.09.45
17.15,16
10.13.51

. 18.51.50

03.34.16
13.09.50
09.%2.25
01.09.10
01.12.23
06.59.19

20.
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AUG 1678
AUG1778
AUG2478
AUG2778
AUG2878
AUG2978
AUG2978
AUG2978
SEP1278
SEP2078
" SEP2678
SEP2778
0CT0278
OCT1178
0CT2578
DEC1178
DEC3178
JANO179
JAN0279
JAN0279
JAN0579
JAN1079
JAN2879
FEB0179
FEB0979
FEB0979
PEB1179
FEB1179
MAR2879
MAY0479
MAY2179
MAY2579
MAY2879
JUN0679
JUL2479
AUG0 179
AUG0679

AUG1279°
- SEP0879.

SEP2579
OCT0679
OCT1779
OCT1779
OCT1979
OCT2179
0CT2179
0CT2279
NOV 1679
DEC1379
DEC2479
JAN0380
JAN08BO
JANOB80

08.42.56

03.46.55

15.20.07
20.55.05
21.24.21
09.27.21
12.30.33

01.35.51
01.24.20
02.04.59
05.09.30
03.33.07
13.32.00
00.27.16
18.44.17
01.01.06
07.56.50
03.14.31
00.39.34

.20.02.53

13.13.51
10.17.41
23.07.01
02.07.43
02.45.02
16.46.17
10.47.26
00.01, 36
10.58.05
22.46,.37
05.38.19
10.29.55
05.47.07
04.53.01
06.43.23
10.21.47
18.28.54
10.01.11
04.49.01
04.49.01
08.37.30
05.13.2¢
05.28.04

01.46.28

03.14.34
14.13.58

12.45.22

12.17.45

16.31.44

23.28.30

20.5
21.3
19.7
20.5
20.8
19.1
21.0
22.0
22.0
20.7
21.0
20,0
20.7
20.8
20.8
21.1
20.8
20.5
21.4
21.2
21.4
20.5
20.3
21.0
20.2

21.0

20.5
18.5
21.1
20.8
20.5
20.2
20.8
21.3
21.0
20.5
21.3
20.9
20.3
21.6
20.9
20.9
21.0

25-3 x

21.0
20.8
24.0
20.0
22.3
21.0
20.5
20.0
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JANQ980
JAN 1080
JAN 1280
JAN 1880
JAN2380

FEB1780

FEB1980
FEB1780
FEB1980
MARO0 180
MAR(0580
MARO0580
MAR0680
MAR1980
MAR2680
MAYO0S580
JUNO680
JUN 1280
JUL2580
AUG0380
AUG0680
AUG2380
SEP0180
SEP0280
SEP0280
SEP0480
SEP0480
SEP0480
SEP0480
SEP0580
SEP0580
SEP0580
SEP0580
SEP0680
SEP0780
SEP0880
SEP0880
SEP0880
SEP0880
SEP0980
SEP0980
SEP1080

SEP1080 .

SEP1180
SEP1580
SEP1680

SEP1780.

SEP1780
SEP1780
SEP1880
OCT0280
OCT0980
0CT2980

23.43.47
21.40.45
02.14.44¢
00.17.47
05.08.25
11.07.18
10.39.04
11.07.18
10.39.0¢4
07.49.39
19.20.0%
21.%4.50
05.27. 11
15.23.23
00.08.53
21,57.13
09.05.34
15.34.12
06.44.43
11.05.31
12.42.20
16.10.16
11.47.25
05.57.39
11..31.51
17.49.54
18.26.52
20.34.22
21.03.59
07.39.08
11.47.34
13.20.48
13.41.49
14.08.56
14.05.23
05.38.21
19.10. 11
19.27.20
19.{7.34
06.07.48
23.39.03
07.39.44
11.486.31
16.49.08
01.34.54
01.33.27
05,05.12
09.58.36
12.31,27
15.10.00
09.28.59
12.40.30

03.24.15

20.9
21.3
20.5
2¢.0
21.3
20.7
20.8
20.7
20.8
21.0

24.3
23.4
21.0
20.0
20.9
20.2
20.6
20.8
21.2
21.0
21.3
21,2
21.0
21.0
21.1
21,2
21.1
21.0
20.9
21.0
21.0
21,2
20.6
21.3
21.3
21.3

20.9
20.9
21.0
20.9
21.0

20.8

20.9
21.4

41,0

21.6
21.0
21.0
21.0
21.6
20.9
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0CT3180

00.40.

21.0

129

2.4

OCT3180 00.50. 23 21,0 2.5
OCT3180 05.16.31 20.5 2.4
0CT3180 18.23.45 20.5 2.6
DEC 1380 09.31.48 21.0 2.4
JAN 1981 12.59.10 20.7 2.7
MARQ981 12.00.39 20.5 2.3
APR1581 1.31.25 22.0 1.7
APR1681 12.08.2¢ 19.5 2.1
JUN1681 05.03.23 21,0 2.7
JUN2481 17.40.20 21.0 2.4
JUL 1481 07.09.00 20.3 168
JUL2781 13.14.59 20.1 2.3
JUL28B 1 21.32.50 21.8 .2.8
JUL 3081 15.16.35 20.9 3.0
JUL3081 20.01.1 20.8 2.6
ADGO 181 08.31.10 21.0 2.1
AUGO0381 00.27.54 2.8 2.0
AUG2081 14.26.54 20.8 3.8
AUG2781 12.00.14 20.7 2.1
AUG2981 10.01.29 19.4 1.9
SEP0181 04.43.11 20.0 2.0
SEP0481 07.54.23 24.0 2.1
SEP2381 11.37.50 20.5 1.8
OCT 1581 01.45.24 21.0 2.2
OCT 1981 00.10.11 21.3 2.3
OCT2081 10.38.15 20.7 2.6
ocTZ2181 09.19.56 20.9 2.7
OCT2281 13.41.53 19.9 2,2
NOV0581 11.27.58 21.1 1.9
NOV 1281 04.47.15 21.3 2.8
NOV1381 14.14.36 21.3 3.4
NOV 1481 07.22.34 20.3 1.9
NOVi1481 07.26.50 20.8 3.0
NOV 1481 10.00.10 20.9 2.1
NOV1781 12.10.18 19.8 2.1
NOv2581 14.25.12 20.8 2.8
Table 16...: lelg of all the events recorded :: Edmonton

from the Rocky Mt. House e-fthqunk; svarm

L S
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Figure 31.... a)Histogram of local seismicity recoréed at
EDM including RMH earthquake swarm. p) Without RMH

earthquake svarm. ¢) Histogram of some

times ar EDM

vell defined S-P
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5.1.1.1 Relation to the Mica Array

Aside from the station at Edmonton the nearest seismic.
facility to the Rocky Mountain House Earthquake swarm is the
Mica Array. ! have examined an extensive sample of the
records from this analog array of vertical seismometers and
conclude that the S phase is too emergent as a rule to aid
materially in refining locations by means of é;P time. In
any case, exact locations are of secondary importance to
this study. Its thrust is towards source mechanisms. The
data at Mica are all recorded on analog magnetic tape,
spectral studies such as I report here would require
uncertain corrections for non-linearity in this fecéréing
medium and after the fact digitization. I have examined
analog records very carefully; convincing evidence of the
presence of the Moho refracted phases cannot be found from
analog records alone. Finally, and most impértgnt, the ray
path from Rocky Mountain House to Mica passes through
considerably more complex geology than that to Edmonton.
Even if the data could be reliably reduced its
ié%irpfetgtiaﬁ vould be substantially more uncertain.
Nevertheless I report q;fe those results I have from Mica
data. | _ .

Some events recorded at CUM station from the RMHES have -

an average S-P time of 24.5:0.8 seconds (table 17).



MONTH DAY ARRIVAL S=P S-P
TIME TIME
YEAR AT EDM AT EDM AT CUM AT CUM
SEP1376 10.24.48 19.2 10.24.53
OCT1376 10.54.05 20.7 . 10.54.11 23.6
OCT1576 09.48.21 20.7 09.48.27 26.3
OCT1576 13.33.56 21.5 15.34.03
OCT2376 02.31.40 21.1 02.31.46 25.3
DEC0276 03.36.16 19.3 03.36.21 24.3
DEC0976 07.28.03 20.1 07.28.10
DEC1876 19.51.06 22.0 19.51. 11 26.0
DEC2376 22.18.17. 20.3 22.18.23 26.0
DEC3076 12.53.51 20.5 12.53.59 24.4
DEC3076 13.37.01 21.0 13.37.06 24.9
JULO0277 20.40.15 19.7 20.40.15 23.8
JUL0577 20.40.52 20.1 20.40.59 24.6
JUL2477 09.07.56 20.7 09.08.03 23.1
JUL2477 10.03.06 20.8 10.03.06 24.0
JUL2477 11.24.48 19.9 11.24.54 - 24.0
JUL2477 11.33.41. 21.0 11.33.48 23.6
JUL2477 11.52.30 21.0 11.52.36 24.0
JUL2477 16.06.13 20.0 16.06.19 25.0
JUL2777 02.18.09 20.9 02.18.15 25.0
JUL2777 04.27.06 19.5 04.27.11 25.0
JUL2777 12.46.57 22.6 12.46.55 20.0
JUL3077 15.06.08 20.0 15.06.08 23.6
AUG1177 08.51.45 19.6 08.51.51 ;g.B
AUG1377 06.24.53 19.7 06.24.53 2%.6
AUG 1477 21.44.03 20.5 21.44.10 24.0
AUG1477 21.48.54 19.4 21.49.00 24.0
AUG2777 11.51.59 21.0 11.52.06 24.0
SEP0877 10.33.37 19.8 10.33.43 25.5
PCT2677 00.34.27 22.5 00.34.33
Table 17.... Events from the Rocky Mountain earthguake swarm

detected at CUM

5.1.2 Summary

ARRIVEL

132

From the histogram of pumber of events against S§-P

‘gjmes from the figure'31ie,ﬁand associated locations (Table

*5) we can suggest.

1) Events with relatively small S-P times must lie in

the Alberta plains (figufe 32). Whether these events are of
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ot

Figure 32.... Local events recorded at EDM. Right, © an
event with S-P=12 sec. Left, an event with Sg-Pg=27.3
and Pg-Pn=2.4 and was located by EPB at 51.95N and 115.76W.

i



=

tectonic origin or due to the oil or mining operations ‘in

discussion of the seismicity.

2) Eveﬁts with S-P times betwveen 20 and 30 seconds are

SW of Edmontor (figure 33). This is the most active zone in
_SOuth West Alberta. I shoved in chapter 3 that some of those
events wvere mainly deep (nearly 20 km). However, most events
detected with a tegpargry array of analog and digital
seismic stations were not deeper than 4 km (Wetmiller 1981,
Rebollar et al 1981 b).

There may be two kinds of activity associated with the
Rocky Mountain House earthquake svarm. Deep seismicity (near

20 km) more likely of tectonic origin, and shallow

secondary recovery activity in the Strachan gas field.

3) Events with S-P times around 35 seconds
(approximately 300 km from EDM), could come from any place
between Calgary and the Willmore park area. Therefore, more
evidence from a close network or other stations is needed
(ﬁablg 18).

&) S;E times between 40 and 60 seconds probably
correspond to earthquakes that come from the aréa of

'McNsughton Lake (figure '34).
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FigureVBZQ.;, xample of the Rocky Mountain House events
detected in *he analog stations at EDM, SES, and PNT. Some
of those seismograms do not show clear phases
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Figure 34..., Events wvith S-P times greater than 40 sec
probably coming from the McNaughton lake area. Right event. .
has Sg-Pg=44, Sg-Sn=11.5, and Pg-Pn=7.7 sec. Left event has
Sg-Pg=46 and Pg-Pn=11 seconds. L ’



M. D. Y.
APR2471
APR3071
MAY1171
MAY1571
MAY2471
JUN2671
JUN2871
JUN3071
JUL2571
JUL2771
AUGO0471
AUG1771
AUG1871
AUG2071
FEBO172
AUG2072
AUG2172°
APR2972
JANO674
OCT2675
PEB2376
NOV2276
MAR1877
SEP1277
APR1378
JUN1478
JUL0878
FEB247S
JUL2980
NOV 1880
DEC2280
MARO68 1
MARO681
MAR1081
APR2081

H. M. S.
06.04.00
22.32.09
19.30.47
23.22.35
19.17.19
19.14.35
22.31.43
22.33.22
01.57.17
22.13.29

23.15.39

23.24.44
05.18.45
18.07.30
20.25.33

13.20.09

02.36.44
20.53.52
16.34.16
22.46.10
19.09.50
22.04.28
21.14,27
09.46.13
05.11.03
07.15.54
07.26.51
15.50.19
12.57.28
12.03.46
11.36.51
20.31.41
23.01,22

. 10.02.22

03.31.51
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S-P SECONDS
53 -

Table 18.... Events recorded at Edmonton with clear S-P
times, that fall in the definition of local activity i. e.
S~P times of less than 60 sec

-

$.1.3 Energy release and b value of the Rocky Mountain

Earthquake swarm

Lacking an empirical relationship for the evaluation of

radiated seismic energy of small earthquakes in Canada. I
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used Gutenberg and Richter's (1942, 1956) energy-magnitude -
empirical relationship in order to calculate the energy
release of the Rocky Mountain House earthquake swarm.
contained in a spherical shell centered on the earthquake
source. They assumed that this energy vas radiated in a
sinusoidal wave train and recorded on a standard strong

motion instrument. Therefore,) knowing epicentral distance,

1]

hypocenter, the physical consgants of the standard

intrument, acceleration, iod and travel times of the
signals, they found an empirical relationship given by
logE=11,3+1.8M,. Later, Gutenberg and Richter (1956), in a
review of théif original paper tound the relationship given
by logE=9.4+2.14M,-0.024M"*,,

Thié empirical relationship depends on the theoretical
study of seismic radiation at short epi:entfalséistanc;sg
therefore it can give a rg,séngble esﬁimate of the energy
for small earthquakes from the Rocky Mountain House
earthquake swarm.

An average of 10'* ergs per month was released during
the 58 months since 1976. The contribution of small
earthquakes to the tstalkengrgy release is negligible
(figure 35). The total energy released during this pgricd
vas 5.6x10'’ ergs equivalent to a single earthquake of |
magnitude (Ms) 3.9, The total enefgf release of possibly
deep events, i.e. earthquakes that show clear Sn refracted

phases, was 5.49x10"’ ergs. This mean that 98 % of the total
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Pigure 35.... Energy release, cumulative energy release,
and strain release from the Rocky Mt. earthquake swarm
calculated at EDM since 1976 to 1980 - ,
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energy release was released by possibly deep events. This

mean that largest earthquakes (with Eagnitudés between 2.8

release (figure 36) yields a maximum strain release of
7.5x10°* ergs°*®.

The strain release as a function of time (figure 35-a)
shows a maximum releasé of strain energy during the first
year of the swarm (1976). After that the strain is
accumulated and represented by the flat part of the plot.
However, whether the strain energy is released ih small
earthquakes or it is accumulated, cannot be answvered from,—
this short period of observation.

Using 242 events I calculated the cgmulggve number of
events versus local magnitude (Zigufe 36) or the Gutenberg
and Richter frequency-magnitude relation given by
logN=a-bM,, where N is the number of earthquakes for unit
time, a and b constants and M, local magnitude. I ﬁsgé some
of the magnitudes calculated by EPB and reported in their
bulletin. For events not reported by EPB, 1 calculated the
local magnitude according to Richter 1958 (see for example
chapter 2).

There are three magnfjactars,that limit the iccuraeyrgf
the evaluation of the b value. The ‘magnitudes are uncertain,
| small events Are ﬁﬁdeﬁegtéd,vand thgrevaf;‘fev events éueKtc
the short time of observati6h (Milne et al 1978).
Unc;rtainties’in the evalu;tiap of magnitudes are diffiegl:

to estimate if the magnitudes are calculated at a single
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Pigure 36.... Evaluation of the b value for the Rocky

Mountain House earthquake swvarm
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station.

Edmonton station detects events from the Rocky Mountain
House area, vith magnitudes greater ;hn% 1.2, as can be seen
from the frequency magnitude relationship, however, the
system loses its lensitivity for magnitude 2 from this area.
The b v;iué for the Rocky Mountain House earthquake swarm is
0.8 and lies in the range of values (between 0.6 and 1.5)
found bg,sve:éen (1970) using world wide seismic data, and
is simiigr to the values found by Milne et al (1978) in
Western Canada (those values range from 0.65 to 0.82).

Thgefrgqugncy—magnitude relationship has been found to
been found in spreading centers (Sykes 1970, Reiéhlei1975)
and in volcanic areas (Suzuki 1959). Small values, near 1.0,
are observed for intra-plate earthquakes, like this
sequence, and in transform faults. This parameter usually{il
associated with the state of the stress (Mogi 1962, Scholz i
1968, Berg 1968, Wyss 1973). However, Knopoff (personal |
communication) suggests that it is more likely to be
associated with the roughness of the fault.

An analysis of the bulletin edited by the Earth Physics
Branch of Ottawa, and the archives at Edmonton reveals that
the Rocky -Mountain House earthquake svarm is not a common .
géaphysic;l event. The common pattern in the South West
Alberta is scattered events without an aftershock pattern,
much like the Willmore event (Ms=3.0), and the event (local

magnitude 3.4) that occurred on December 22, 1981, with an



143

onset at Edmonton at 11 hours 36 minutes and 51.2 seconds.
This micro-earthquake was located by E.P.B. at 51,95°N and
115.76°W, approximately 220 km from EDM (see figure 32),.
However, this pattern of events without aftershocks could
i?éicate that the aftershocks are too small to be recorded
in the pefm;n;nt stations. Therefore, the Rocky Mountain
House earthqusake swarm is an interesting phenomenon that

needs to be studied more closely.

5.1.4 The Hiil:ati Earthquake

iEafth Physics Branch (EPB) located the Willmore event
at 53.63°N and 118.29°W with a shallow depth and assigned an
Ms=3 an mbe=4.4 (see Nuttli, 1973). The U. S. National
Earthquake Information Service (NEIS) located the event at
53.68°N and 118.03°W and assigned a mb=4¢.4 (figure 30).

This event (October 9, 1977) was not reca:dgdrele;rly
in many stations, nevertheless I plotted ten first motions
(table 19), assuming a focal depth of 18 km for this event. )
Obviously there is no unique solution far';hg focal
mechanism. Among those solutions it is possible to fit a
strike slip fault, with either of tvo possible fault plane
orientations, one of dip 80° and a dip dife:tiaﬁ‘cf 120° and
the other with a dip of 60° and dip direction of 24°. None
of those agree with tﬁe strike Qf-the Rocky Mountains. A
nofmal fault with either a dip of 20° and dip direction of
94° or a dip 70° and dip direction of ¢ff74° is also possible.

(figure 37)



of the equal-area projection of the Willmore earthquake
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Seismic Station Latitude -Longitude
Mt. Dainard (DAI) 52.199°N 118.384°W
Mt. Thompson (THO) 52.689°N 119.120°W
Mt. Cummins (CUM) 52.087°N 118.212°wW
Mica Creek Village 52.008°N 118.561°W
(MCV) , _
Edmonton (EDM) “  53,222°N 113.140°W
Penticton (PNT) 49.317°N 113.140°W
Victoria (VIC) 48.518°N 123.917°W
Yellowknife (YKC) 62.478°N 114.473°W
Inuvik (INK) 68.307°N 133.520°W
Mould Bay (MBC) 76.241°N 119.360°W
Albuquergue (ALQ) 34.942°N 106.457°wW
Table 19.... Table of the seismic stations used in the plot
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Figure 37.... A plot of ten first mctianss in an equal-area
projection aof the focal sphere showing prdbable fault .. .
orientations (D=Dip and DD=Dip Jirection)
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Bdmonton station recorded this event in digital and
analog format. I vas able to calculate the seismic moment.
Only the vertical component was not saturated at EDM (figure
38). Therefore, I used the spectrum of the vertical SV
component of the shear waves in the analysis. The Sg?Pg time
recorded at Edmonton was approximately 37 seconds. Thi®
gives an epicentral distance of 325 km assuming a;hglf space
with a P-wéva velocity of 6.4 km/sec. The EPB location ié
. 33010 km from Edmonton. The spectrum was calculated
assuming a Q of 1000, independent of frequency, a density of
2.9 gr/cm?®, an average radiation pattern of 0.63, a shear
wave velocity of -3.7 km/sec, an epicentral distance of
325¢10 km/sec, and an angle of incidence of 49°, Figure 38
level of the spectrum for the Willmore events is -3.1, and
that give's a seismic moment of 6.7:2x10?* dyne-cm. ~
In order to investigate the difference between the
‘seismic moment calculated with body Gavés at a single
station ané the seismic moment calculated from surface v§9257
‘at several stations, I.used the ﬁbngughten Lake earthquake
of May 14, 1978. The mcmGht calculated using the amplitude
equalizaz}Pn method (see Aki and Richards 1980, chapter 7)
was 4:2:103’Idyn2!cm (Rogers et al 1980)57At Edmonton
(figqure 38) this event saturated both horizontal components.
Hence, assuming the same physical conitants as those u§e§
fo} the Willmore event, and the seismic moment ﬂaleula;ed by

Rogers et al (1980), I get a logarithmic low level amplitude
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Figure 38.... Seismograms and spectra of Willmore (Ms=3)
and McNaughton (M,=4.8) events. Upper (Willmore) event show
EW and NS saturated components. Bottom (McNaughton) shows
the vertical component at EDM
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of the spectrum of -2.4. The value observed at EDM is -2.2,
vhich yieids a seismic moment of 7.6i10” dyne-cm (figure
38). However, the low level amplitude of the spectrum could
have an error due to the bandwidth of the digital system of
Edmonton.

'If we consider the orientation of the faulf (str;ke N
10 W, dip 38 SW, .8 strike slip, .5.thrust), the correction
for the radiation pattern is 0.45 (see Aki and Richards 1980
page 115), Considering this correction I get a seisﬁic
momént of 10*¢ dyne-cm, if no correction is made for the
radiation pattern we have 4.8x10*> dyne-cm, therefore, the
seismic moment calculated at EDM gives 7;6:2x10” dyne-cm,
two times higher than that calcuiated by Rogers et al
(1980). Kanamori and Andersoﬁ (1975) comment,

"The seismic moment is one of the most reliably

determined instrumental earthquake source

parameters. For large earthquakes, in particular,

the value of M, determined by different

investigators seldom differ by a factor of more than

two. For small earthquakes, the uncertainity is

usually somewhat larger”. :
In view of this comment I consider the agreement
satisfactory. Hovever, probﬁble errors in the evaluatiuon of
these seismic moments are: érrors in the epicentral
distance,'radiation pattern, attenuation, path
inhomogeneitie;, and in ouf case a probably narrow

bandwidth. _
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5.2 On the relation of sépfcn Parameters to Tectonics

In this work I have derived a number of measures of
earthquake behaviour in various areas. Their connection te‘
geology, which was discussed above is not easy to establish
unambiguously. The physical properties of the system” are
simply to complicated and the quality of the data is not
high. |

First an obvious question arises: How realistic are
those source parameters? I cannot answer this question
precisely, since there are many unknowns in the source
region, and in the earth's crust in which the signals
travel. Corrections for attenuation seem to be not critical,
since Q has been observed experimentaly to be between 100
and 1000 for most earth materials, in a range of frequencies
from 10-* to 10° seconds (Pilant 1979). A major problem in
our observations is the loss of energy due to scattering and
conversion of phases that could give rise ﬁa changes in the
estimates of source parameters with a given model. Chapter
twvo shows that source parameters calculated at distances
greater than the fault length are usually smaller than those
calculated at distances of the order of the fault length,

I studied two different eéfthquake'sequences. at i
relatively large epicentral distances (180 and 500 km). Even
.théﬁgh the‘aﬁplituﬂe response curves are different, for a
tipigalvRESHAC station and the Edmonton station, the useful
information in both s?stems was between 0.2 -and 7 Hz.

Outside this range of frequencies the ratio of signal to
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noise was small. Therefore, in order to get more
representative information about the earthquake source, it
vill be necessary to complement spectral analysis of body
vaves with spectral analysis of surface vaves vhen the
epicentral distance exceeds about 150 km. A typical example
of this kind of study is that done by Hanks and Wyss (1972).
The seismic moment of the Willmore and McNaughton lake
earthquakes vere calculated from the ;p&ttral analysis of SV
. wavgs recorded at the Edmonton digital station. Those |
moments are 6.712x10°’ dyne~cm for the Willmore event 3nd
7.612x10%* dyne-cm for the McNaughton lake event. This last
seismic moment compares moderately well with that calculated

. with surface waves (Rogers et al 1980).

5.2.1 Speculations on Tectonic Implications
Results from individual earthquakes or earthquake

sequences, are important to an eventual understanding of ﬁhe
earthquake :cufcg'éné plate tectonics maégls; Orientation of
principal stresses (calculated from fault plane solutions),

seismic moment and source dimension (calculated from
spectral analysis), are important parameters of an
~earthquake source and the vaié;; af .these parameters are in
the final analy51s cantfclleé y the driving mechanism of
~ plates, Se;gmls moments and sa;;ee dimensions have been used

to calculate the rate of slip of major plate boundaries

(Brune 1968), and time recurrence of large earthquakes
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(Singh et al 1981). v

Intraplate earthquakes have been observed to lie along
preexisting zones of weakess within areas of youngest
orogenesis (Sykes 1978), or to be apparently due to effects
of local topographic features in the plates (Stein 1978). By
close anglysis, Sykes (1978), found that seismic activity
tends to be concentrated near ends of major oceanic
transform faults, along preexisting zones of deformation, or
along faults in old fold belts within the thicker '
lithosphere of the continents, hence, the study of
earthquake géquences in intraplate gnviramenzé may reflect
variocations in strength within plates.

From spectral analysis of seismograms we can derive
stress drops, seismic moment and source dimension.
Earthquake stress drops of large intra- and inter-plate
earthquakes are prcbgbiy not greater than 100 bars. This is
based on a large number of observations independent of
source strength. McKenzie and Jarvis (1980) estimated a mean
stress on plate boundaries of 150£50 bars wvith a probable
upper bound of 500 bars, iﬁ agreement with seismically
determined stress drops. Higher stréss drops (630 bars) of
micro-earthquakes in the sedimehtary basin of the Imperial
Valley of California have been observed (Hartzell and Brune
| 1977).

In this work I compared an interplate sequence of
events (Da:asa:aftershaeks) and an intraplate seguence (the

Rocky Mountain earthquake swarm). They differ in some
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respects. The Oaxaca aftershocks have simple spectra.vith a
vell defined plateau at lov frequencies, a recognizable
corner frequency and a well defined asymptote at high
frequencies. Therefore, stress drops calulated in the usual
way can have meaning. A number of the events of the Rocky
Mountain House earthquake swarm have more complicated.
spectra, even though the signals were recorded closer to the
earthquake source than the records of the Oaxaca events and
the structure betveen the Rocky Moountain House area and the
Edmonton station is not cbmplicited. This difference can be
appreciated from the plot of local magnitude against seismic
moment.'The data from the Rocky Mountain House earthquake
svarm have more scatter than the data from the aftershocks
from the Oaxaca event. |

This difference could result from differences in the
state of stress in the crust and differences in the
heterogeneity of the fault zones. The Oaxaca earthquake vas.
a large simple event (Stewarf et al 1981), and it has been
found tb be simila; to p;st events in the Middle America
Trench (Chael et al 1982). Appasrently simple events can be
" associated with relatively homogenedus stress states and
physical properties on the fault zone. Maybe the complicated
spectra from the Rocky Mountain House earthquaie swarm
refleét an iﬁcipient'f;ult or a possible feactivation of an
ancient fault system which could be expected.to have a more

complex behaviour than a well establighed fault zone.

7

)



Although this study has not ansvered many of the
problems of cause of éhe Rocky Mountain Earthquake swarm it
appears a supportable hypothesis that 2 kinds of seismicity
exist., There is small magnitude shallow seismicity and !
deeper seismicity probably associated with pre-Cambrian
basement structures, which accounts for most of the energy
. 1
do not know fault orientation, stress orientations, or a

precise focal depth of these events. Nevertheless, wvhatever

their values clues to the nature of the process exist in the

forces acting on the lithosphere in this area and the stres

strain relations obeyed by the lithosphere in this area.

5.2.1.1 Comments on Quantitative Aspects of Plate Dynamics
There are many poorly understood problems associated

with the dynamics of the crust and upper mantle. The driving
mechanism of plate tectonics, energies involved in the | |
.crustal faulting, magnitude of deviatoric stresses (total
stress minus hydrostatic stress), and a5531u;e stre;;es, are
: only a few.

| Solomon.et al (1980) summarized possible driving forces
of plate tectonics. Among those they cansiéer lithospheric
cooling, latitqdingl plate motion, crustal thickness -
inhomogeneities, lithaspherig loading amd ﬂniaading. plate
boundary fogges at ridges, trenches, transform faults, zones
of continent-continent collision, and basal forces

associated vith viscous interaction between the lithosphere
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and asthenosphere.

Different magnitudes of deviatoric stresses in the
crust can give rise to different phenomena, such as
micro-earthquakes, large garthqu;kepg and topographic
features in the crust. Hanks and Raleigh (1980) argue that
away from piate bcuﬂd;figs the crust ¢an!supp§rt large
deviatoric stresses, of the order of kilobars, in response
to local or regional loads. For e;amglg,‘usﬁarf et al (1979)
found evidence of high stress drops, greateY than 760 bars,
in deep mines in South Africa. Scholz (1980) argues that in
some faults stresses of the order of a kilobar may exist.

Zoback et al (1980) found that shear stresses
determined in wells near the San Andreas fault increase with
depth. The depth of those wells ranges from 200 to 1000
meters. Apparently stresses increase 1inegflyfwith depth, at
least up to 5 km. McGarr (1980) found that the maximum shear

in the first hundred meters, to 200 bars (20 MPa) to nearly
5 km. He :aiculgted a theoretical relationship of the form
A+Bz, vhere A and B are constants aéd z is the depth, for
“the increase of.stresses with depth. There is great scatter
K@f data in the first kilometer or so (see also for example
Brace and Kohlsted 1980). Th§ constants vary with tectonic
envifanégnt; : o | |

. McGarr (1980) comments -



"A vertical profile of measurements from the sufface
dovnwvard might show a monotonic change of the

« horizontal principal stfess directions, with the
implication that the stress trajectories measured at
the surface may not be indicative of directions
throughout much of the crustal section"”

Bell and Gough (1979), and Gough and Bell (1980) found,
from in situ measurements of oil-vell fractures (breakouts)
in Alberta, a remarkable aligment of the maximum principal
stress in the northeast-southwest direction, i. e. '
perpendicular to the Rocky Mountains. However, those
measurements were made in soft rock (siltstones, :;néstanci,
and carbonate sediments) and at depths not greater than 2
km. Therefore, it could be possible that shallow earthquakes
are triggered by those stresses in Alberta, these shallow
events are those events with S-P times of less than 15
:ee@ﬁds and recorded at EDM, or the shallow events from the

Rocky Mountain House swarm an alysed in chapter 4.

5.2.2 A Speculation on the Cause of the Rocky Mountain House
fi;rthqugki Swarm

The suggestion that seismic activity arigin;}e: in the
pre-Cambrian formations is controversial. In order to
é:plare its implications I consider, in a very superficial
way, the tectonics of South West Albe::a{ Tva structures
could be relevant. They are the North American Cerdillgra
and the Fond du Lac gravity trend (Walcott 1968) (

The North American Card1llefa runs from the Aleut;:n

arc through the western third of North America into Mexico

and Central America. The part of the Hafth Amerlcan

C
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Cordillera that extends from the 49th parallel to the
Tintina Trench, near the border vith Alaska (The Canadian

<
Rocky Mountains), is a relatively simple and vwell studied

(Thompson 1979) and its geology and tectonics have been
extensively studied (Bally et al 1966, Thoméseﬁ 1979, Martin
1963, Bokman 1963, Shaw 1963, Elliott 1976, Dahlstrom
1969,1970, Monger and Price 1979, Beaumont 1981). The
Canadian Rocky Mountains are delimited on the east by the
Interior Plains or Great Plaxn; and to the west by the
Westarn Omxneca Crystaline Belt ,and they are usually
divided int; the Foothills, Front Ranges, Main Ranges (East
and West) and the Western Ranges.

| The Foothills consist of deformed Paleoczoic Mesozoic
clastic rocks. The deformation (shortening) is mainly thrust’
faulting in‘the southern part and folding in the north. PFold
axes and tqui} sgrikgs are parallel in most‘cgsesi Tear
faults and normal faults ar& also common #in the Foothills.

=

The basement lies at approximately 3.0 km -'in the Interior
Plains and dips gently to ahout 11 km bel;v the E@ekf !
Mountains (Bally et al 1966). The approximate depth below
the Rocky mountain House area is 4.8 km based on reflection
protxles (Bally et al 1966) . ,

The Front Ranges Kre formed from a relat;vély fev major
thrust 1ayirs that are bounded by faults with several tens

of kilometers of displacement. The Main Ranges consist of

lower Paleozoic¢c and Proterozoic rocks thrust eastwar® over
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the adjoining Front Ranges. The Rocky ﬁountain Trench is a
narrov linear %opogtaphié_depression extending over 1600 Km,
In the south the trench is underlain by a westward dipping
basement, and the location and strike of the trench is
controlled apparentlf by a complex system of curved
low-angle normal faults (Bally et al 1966).

Although conventional wisdom suggest that the
Cordillera in this area is decoupled from the pre-Cambrian
basement at the decollement zone (Bally et al 1966),
significant stress concentrations in ;he basement can result
from the load of the Rocky Mountains and the adjacent
foreland basin. (They might also be pres;nt as possible

‘residuals from the Laramide orogeny that gave origin to the
Rocky Mountains)i. Beaumont (1981) considered a model of
lithosphere flexure for the Alberta foreland ﬁasin under
laterally migrating loads and predicted the bend of the
basement, and'conséquently the deep root of the Rocky
Mountains, ~ |

Monger and Pric; (1979) compiliﬁg the work of sevéral
authors suggest a Moho depth of ag‘kn below the Rocky
Mountains adjacent to Rocky Mountain House. Therefore, this
possible flexure of the crust could cre;te enough stresses
to.goﬁerate micto-catthquako activity in the bagcment 92 th\‘S

Rocky Mountains.
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5.2.2.1 ii There a Relationship to the Athabasca Axis?

There is a gravity lov extending northeast
perdendicular to the Rocky Mountains (Douglas 1970). This
anomaly extends from the area of Rocky Mountain House
southvest of Edmonton Alberta to North Saskatchewan, and
North West Territories. This feature is referred as the
Athabasca axis in north Saskatchewan (Darnley 1981) or the
Fond du Lac gravity low (Walcott 1968). This gravity low
correlates witb granitoids containing elevated levels of
radioelements (Darnley 1981).

There exists geologic speculation fﬁa:nley 1981) that
this rock Belt is the result of intrusion into a zone of
tensional faulting that developed before the end of the
lower P}atgtézaici If this is in fact the case, if is
:ggsanablé to expect remnant zones of weakness in this
portion of the lithosphere. Walcott (1968) studied a portion
of this anaﬁaly in Northeastern Alberta and Northern
Saskatchevan. In order to explain the Fond du Lgs'grgvity
. low, hegprep@;eé a crustal thiﬁﬁing} perhaps relgted‘té
tensional stresses in the past, to 34km from 40km with a
relatively low density bzicv this anomaly.. Such lateral
density anomalies could lead to stresses related ﬁa
isostatic compensation (McNutt 1980). In other regions such
stresses may lead to seismicity, but analysis of the
archives of the Edmonton seismic station (McGavin personal
communication) shows no seismicity along this gravity

anomaly. ¢
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The exceptién to this statement chufs»where the Fond
du Lac trend inéersects the Canadian Cordillera. Here, in
the region of Rocky Mountain House, the combination of
loading stresses from the foreland and isostatic
compensation stresses due to the crustal density gradients’
could conceivably activate.zones of veakness in the
pre-Cambrian crust. Such zones of weakness need not be large
faults but they imply a degree of brittle yielding in the
lithosphere at this point. |

I do not suggest that major fault zones exist in the .
Pre-Cambrian basement, for SW NE reflection profiles in
Southwest Alberta imply that the :rysﬁalline basement has
not been involved in the shortening of the-égﬁ;éign Rockies
" (Balley et al 1966). Structure contour maps of the top of
the Devonian ;nd of the top of the Sub-Cretaceous sﬁgw NW-SE
and NE-SW trends in central Alberta. Those trends could be
faults (Robinson et al 1969).

| I conclude therefore that deeper parts of the basement
below the South West Alberta can underg; some deformation
and consequently generate the deep seismicity I suggest is

associated with the Rocky Mountain House Earthquake swarm.

5.3 Summary of Conclusions
Reasonably reliable source mechanism studies can be.

done with single digital stations at some distance from an
) | o 7 R
earthquake., Source parameter estimates can be related
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systematically to those derived from close-in records. In
general seismic moments derived from body waves at distant
stations are smaller than thoSe derived from near stations

The useful band of information on 2 vastly different
systems, the RESMAC system, and the EDM station, turned out
to be very much the same. This reflecté a property of the
seismic noise background and should be useful for other
analyses of local networks.

Loctliied zones of seismic activity rather than a
random distribution (Milne and White 1958) exist in South
West Albqrta; One such zone, the’iocky Mountain Haus; area,
is characterizeﬁ by shallow events which might be related to
hydrocarbon recovery operations and deeper events which may
reflect yielding of the lithosphere under a combination of
isostatic compensation stresses and the load of the Canadian
Cordillera. More detailed research should be done with local
networks in order to map this activity.

The shallow events at Rocky Mountain House are
characterized by high stress drops, the deep events have low
s;ross_d;ops. This suggests distinétly different properties
- of the fault ;ones and supports the_sephratian of this
activiuy into 2 different types. The shallow events are
probably related to"secondary‘recovery/proccs:es in nearby
gas fields, the deep activity may reflect reactivation of

, .
ancient’ zones of weakness in the pre-Cambrian basement.

t
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7. Appendix 1
Plots of the first 52 hours of aftershocks from the Oaxaca

Earthqualke. . » ' ’
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8. Appendix 2: Program listings
LEE program calculates the spectra of the aftershocks
of the Oaxaca earthquake of November 29, 1978, recorded in
the RESMAC system. The data is stored on tapci 001400,
001401, 001402, and 001403,

LEE2 program is an iterative program to read and plot

the data recorded on the RESMAC systes.

KADATA.S program calculate the spectra of S or P body
vaves of the evénts from the Rocky Mountain House earthquake

svara recorded the DR-100 Sprengnether digital system.

RDANIEL program calculate thc/,é;ctra of the body wvaves
of the earthquakes detected at the digital permanent station

of Edmonton, from the Rocky Mountain House earthquake Swarm.
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