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Seismic records #t Edmonton (EDM) and Suifield {SES} between January 1976 and February 1980 show 220 ¢vents with
gnitudes less than 4 ongimating ncar Rocky Mountain House. Many of theee events <how well defined S.. 5,, and P, phases
and a small variation 1n the ditfcrence of 5, — 5. and S, - P, Analysis of the theoretical travel umes using 2 siructure
determined for central Alberta yrelds an average focal depth of 20 = 5 km and an average epicentral distance of 175 = 5 km
southwest of Edmonton for 40 of these events. Because 5., whas not clear on the remasnder, it was not passible (o get focal depths

for all the events.

Seismic moments of 80 everits with local magnitudes from 1.6 o 1.5 were found to be in the range of 6.6 = 2 % 10" 10
79 +2x |0 dyn-cm166 * 2 x 10710792 2x 10" N-cmp. A relationship between local magnitude and seismic
moment was tog (Ma) = LIM, + 16.6. This is similar to that deicrmined for California. Source radii. where they could be
determined, were 500 = 50 m and stress drops were 1,75 2 0.75 bar (15 = 753 kPaj.

The energy release of 263 cvents recarded al EDM (rom the Rocky Mountain House arca was 56 x 10" erg (5.6 x
11" 13, The b value for this eurthyuake swarm was 0.8, similar 10 that shscrved 1 other parts of westem Canada.

The depths of focus, the Tow stress drops, and the statistical similanily to viher natural earthquake scquences suggest that

at Yeast part of the swarm is of a naturat swigin.

Les enregi ismiques & B

(EDM) et & Suffickd (SES) elfectués entre janvier 1976 1 février 1980 signalent

220 évenements de magnitudes inféneures & 4 ct donl I'origine s¢ situe pres de Rocky Mountain House. Plusieurs de ces

des phines hien définies de S, S, ot P, el anc faibde vanation de ta différence S, — S, et

¢ ques. pr

5, - Py. L analyse de la durte des temps théoriques de propagation fondée sur une staciure dtfinie pour be centre de I Alberta
fournit pour 40 de ces événements une profondeur moyenre de foyer 20 = 5 km et une distance moyenne de |'épicentre &
175 % 5 km au sud-ouest &' Edmonion. Vu yue S, n'est pas déhni clairement pour les autres évenements, il est impossible de

L P

T beurs pr s de foyer.

Les pour B0 ¢ nts dc magnitudes lucales variam de 1,63 3.5 som compris entre 6.6 = 2 X 10"

1922 x 10%dyn-cm1b66 2 2% 100'279 £2x 10** N-cm). La relation de In magninude locale avec le moment
sismique éait log (M) = LIM, = 16.6. Cetie relation est anslogue & celle trouvée en Californie. Lz rayon de la

source, quand il fut passible de le déterminer. éail enire 500

(75 = 75 kPa).

*

$O m et les chutes de contrainte étaicnt de 0,75 = 0,75 bar

L ¢nergic libérée par les 263 événements

gistrés § EDM pro

de Ia région de Rocky Mountain House éail 5.6 x

107 erg (5,6 X 10 ). La valour b de ce groupe de tremblement de terre était 0.8, semblable & celle observée pour d'avtres

régions de 1'ouest du Canada.

Les profondeurs de foyer, len faibles chutes de

12

les donné i d'avtres séq de

tremblements de terre naturcls indiquent qu s moins une partic du groupe éudié ici est dorigine naturelle.
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Introduction

Since 1976 the digital seismic station at Edmonton (EDM)
has been detecting unusuaily numerous small seismic events
apparenily originating near Rocky Mountain House. This is a
discussion of these dats. augmented by some observations from
other analug stations 18 westemn Canads. Regional epicentre
Yocations for these evenls are near 52.26°N and 115.1¥FW
{Fig. 1)

As a consequence of the fact that no destructive earthquakes
have occurred. or appear likely 10 oceur, in Alberta and Sas-
katchewan, the distribution of seismic stations in space and
sime in this arca is not well suited to the study of small activity
with local magnitudes ol less than three (Milne er ol 1YTH).
The best review of westem Canadian scisimiciny (Milne or af
1978) is 4 general survey, The activity near Hengough (Homer

[Traduu per fe journal]

ot al. 1973) has been well documented, but is ot relevant to
the Foothills of the Rocky Mountains. Significant earthyuakes
have occurred west of Rocky Mountain House {Rogers and
Ellis 1979; Rogers er af. 1980) and north of Rocky Mountain
House in Willmore Provincial Park (Nyland and Rebollar, in
preparation}, but these events arc a considerable distance [rom
the subject of this paper. an apparently localized swarm of
seismic activity near Rocky Mountain House.

All of the activity discussed here is small. Much of it was not
routinely archived anywhere excepl in Edmonton. We rely on
§-P times 2 Edmonton, some locations based on regions!
stations, and propounced similarities in wave form to isolate
events 10 the Rocky Mountain House region. We then exumine
the digital tecords mantained at Edmonton te identify 5, and P,
phases and analysc these. These %, and P, phases arc not
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Fii. 1. Location of 1he Rocky Mountain House carthquake swarm. These evenis were published by the Earth Physics Branch, Depariment

of Encrgy. Mines and Resources Canada, in its monthly bulletin.

usuatly evident on analog records but are very clear on the
digital records at EDM. The availability of digital seismic data
makes the routine analysis of speciral content of the 5 phases
feasible. Although the results depend on assumptions abeout
maodels of processes at the focus, these specira suggest con-
struints on the nadure of conditivns i the source region of the
Swarm.

EDM is fortunate in being separated from Rocky Mountain
House by a relatively simple, well determined, velocity struc-
wre. The station at Sufiekd (SES), 350 km from the epicentral
area, is lso separated (rom Rocky Mounizin House by a sim-
ilar siinple structure and also sees some of this activity. It can
be used to help in locations. With this in mind we made occa-
sional use of the stations at For1 St. Jumes {FS$3). 650 km from
the epicentral arca. and Pemticton (PNT), 460 km from the
epicentral area. Obviously records from other arcas (such as
Mica Creek arvay, 200 km from the epicentral srea) provide
additional information, but accuraie interpretation of such data
requires the analysis of propagation effects through rather com-
plex structures and is beyond the scope of this paper.

It is periectly true that betier Jocation of this activity would
be desirable. Unfortunately, most of il is 100 small to locate
well without a Yocal network, which is mot available. Use of
data from other nearby stations such as Mica leads 10 only
mirginal improvement in location. We demonsitrate that winter-
esting things can be said about the source depth of the activity
from an analysis of §, and P, recorded in the digital data
archives at EDM.

We suggest in what follows that the seismic swarm has
several similarities (0 natural activity. I it is in fact u naturad,
as opposed (o an induced, phenomenon, an explanation of its
cause is desirable, This cause must lie in the siress states in the
region. Recent evidence {Belt and Gough 1979; Gough and
Bell 1981) shows that signilicant compressive sress exists
perpendicular 10 the Rocky Mountains. The small vanthquakes
that occur ulong, the Canadian Rovkies could be evidence of
rlewse of the associated internal enerpy.

This stress could be due to regional isostatic adjusiment of

Number of Events

“
L1y 1978 1979 1980
Time

Fi6. 2. Histogram of Jocal seismic activity (5~F umes beiween
19.5 and 22.5 5} detevied at EDM since 1976.

the Rocky My und the forcland basin, B 1 (1981}
considered a mudel ot lithosphere Tleaure in this area under
luterally migrating lowds umd predicied the bend of the base-
menl and cimseguently g Jeep ool of the Rocky Mountains.
Monger and Price (197%), compiling the work of several au-
thors, suggested a Mohurovidi€ discontinuity (Muoho) depth of
50 km. Therefore, this pusable flexure of the crust could create
enouph stresses to generate carthyuake activily in the basenent
of the Rocky Mountains. It is also possible that the stress
reflects the siress induced by motwon of the North American
Plate (Nyland 1981). The directions derived by Gough and Bell
are consistent with simple madels of intraplate stress (Solomon
et al. 198().

Data scquisition
An average of live events per monih, appareatly originating
in the Foothitls of the Rocky Mountains {Fig. 2), has been
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Fic. 3. Events recorded si Edmonton from e Rocky Mountain House cariluake swarm ikefi, complex event; righi, simple event).

detecied on analog records at EDM since 1976. There were
random bursts of up to 25 such events. This is unusually high
activity compared with the bocal sctivity detected a1 EDM from
1964 10 1976.

Some of the events of the wwarm are simple, wilh well
delined P, 5,. aml 8, phases. However. some of the large
events (Fig. 3) are complicuicd, showing vimilar ampliludes of
P und § waves. Usually, P, is barely ybove the noise level.
Neither the complex nor the simple evenis appear on the long-
period records. This suggests relatively deep foci.

From the travel-time curves we know spproximately the
distance and depth of the Rucky Mountain House activity. The
approximate location was calculated using 3 few 5~ P times at
SES. A typical value of S~/ ar SES is 34.7 s, which corre-
sponds to an epicentral distance of 293 km using an average
velocity of ¥, of 6.5 km/s.

Origsn simes for this kind of activity are yuite uncertain, but
this does not mean that ditferential wavel tinies are uncentain.
These differences between observed phuses can provide valu-
abie information on the evenis being recorded. in the analysis
thar follows we use differential times oatly.

From January 1976 w Febroary 1980, it was pusiible 10 read
S, — S, and 5, — P, in 41 eveats out of 220. Reading errors of
P, and P, are of the order of (.05 5 when Lhe onset is clear anl
(.1 s or greater for 5, and S, when a clear phase was reconded.
The average ime difference for 8, — 5, was 1.9 = 0.2 s and for
§, = Py was 21.7 = 0.7 5. The averuge P, — P, difference of
0.6 2 0.1 s was based on 6 of the 41 events. This group of
events shows remarkably conuistent dilterentiad travel times,
und as o consequence we feel justified in treating the data as
group. The average of the dilferential times should be repre-
sentative of the group und it is this representative value we
analyse,

Anaitvsis of refracted phases

These average ditlerential travel times have implications for
the average depth of seismicity at Rocky Mountain House as
observed at EDM. in order ko estimate souece depth we assunwe
a structure derived from seismic retructivn profiles, calculate

travel-time curves for P, 8, P,, and $, as a funcuon of source
depth, and use the average §, — §,, P, — P, and 5, - P, times
1 constrain the depths. Because §, - 5, and §, — P, were
tightly constrained. we can place linits on the depths from
which the seismicity originales if our structure is correct. We
have lested Ihe eatire range of possible plains structures and |,
conclude that po reasonable sinucture permits shallow source
depths for the portion of the Rocky Mountain House seismicity |
that has observable 5, al Edmonton. .

This conclusion is important. It seems highly unlikely that
seismicity at depihs exceeding 10 km is triggered by the rela-
tively small changes associated with hydrocarbon recovery
operations on the Sirachan pas field, which is near the swarm.
The events studied at EDM are most likely aot induced. This
does not preclude the possibility that other activity exists and
is related 10 hydrocarbon recovery. The possibility that the
basement structures near the Foothills are seismically sctive,,
albeit at a low level, also has interesting implications fur the
geodynamics of the North Amenican Plate.

Several observational constraints can be placed on the prob-
lem. The first, and most important, is the reguirement that 5,
must arrive belore 3, This must hold no matier what velocity
mode) is used and no matier what source depth is used. The
second derives lrom the sprewd m 5, — 5, Although n was"
0.2 s in our data, we accepted solutions in which deviations of ¥
up 10 0.35 s appeared. A third consiraint. which is also crucial,
is that P, ammive before £,. Here again we accept the pessimistic
view that a 0.35 s deviation from an vbserved average is
acceplable.

Given these constrainls, we must solve an inverse problem
that has no unigue solution. We determine the runge of velocity
muodels, source depths, and epicentral distances that lit our
observations. In order to explore the problem we first derived
what appeared to be a reasonable velocity model for the prob-
Jemn and then scarched for a source depth and a distance to the
activity thal satistied our average of S, — 5, and §, — P,

The crust s nearly 45 km thick in muoch of southern Alberta
{Clowes and Kanasewich 1970; Chandra and Cumming 1972).
Ganley and Cumming (1974) found a possible Mobho from
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Tante |, The velocity simctore (Rwhards and
Walker 19591

Layer thickness ¥, V.

o N
thm) thm/sh (hin/s)
2.0 36 | %
[ 3] 6.! an
285 6.2 351
130 1.2 415
Half spacc 8.2 473

Tasie 2. A modified vemion of the velovity

structute
Layer thickness v, v,
(km) {km/s) {km/s)
13 2.68 1.35
1.} 4.5 Pl
M4 6.0 5
130 7.0 415
Half space B.20 1718

ABLE 3. A scheetion of predicted differential travel imes fur one
plains vehoity owdel

depth (18]
(ke thm) [ 5, - 8. s.- 0
5 1 - 1.06 -1.7 20,90
5 (L&) -1.47 —(L6% 2268
[{H] 170 =051 (.78 Y2
10 IRS wo? n7 N
15 | Ty .06 0.23 s
15 185 [IX.2) 1.2% nmn
0 170 0.65 1.27 2
0 185 123 1M hdi )

reflection records & 35 km ncar Edmontun. However, those
profiles are 1o far from the Rocky Muountain House activity 1o
be usefid. The closest reversed seismic relraction siructure to
the carthquake swarm is that determined by Richards and
Walker (1959) from an approximalcly north ~south refraction
profile near 113.5°W and between 50.8 and 51.9°N (Table 1),

At a distance corresponding to that between Rocky Mountain
House and Edmonton, the 5, — P, time does not depend on the
depth of focus. Jtis thus possible to adjust this depth 1o satisly
abservations of refracted 5 {5,) that we obtained from digital
data archives at Edmonton. it was, however. not slways pos-
sible 10 match refracted P (P, ) us wel. This is not surprising,
for P, is not well ubserved even on the records we wsed. We
found that the scismicily was associated with depths in excess
of 10 km.

Cbviously such depth calcutations are mudel dependent.
Onc way Lo explore the degree of this dependency is to deter-
mine the effcct of small changes in the model. Another plau-
sible structure ¢ lTable 23 alyo yields the result that the average
depth of the activity is greater than 10 km. The predicted values
of the time dilferences lor various phases (Fable 3) lor this
model are such that the average ol the obscrved values indicates
depths of the order of 200 km and epiceniral distances in the
range 170~ 180 km, Agan £, — P, docs oot it well. Un the
travel-time plots for evenls at various depties with a dippang
Moho and a flat Riel discontinuity. we nole thal only once

Tastl: 4. The tounds on the scasch lor leasible
models ol the velueny strsciure

165 hm = Dusanee < I1E km
olkm o Depth < 40 km
SUkmfs = @ kS oS km/s

Wk = Layerd = 3 0hkm
T Rm/y = = 7.6 km/s
Wtthm = Layer? = 20.8bkm
7.9 km/fs =« hall space = 8.3 knfe

Taht) 5. The only satisfactory models in u soile of
100 reasenable ones

—t

M V. ¥, H v, V.

N

L) 635 145 LR 6025 345
140 TH 4.0t (i3 U 7.50 415
Halfl space K10 448 Hall space K2 458

when the source depth exceeds 15 km does S, arvive before 5,
We canmot dislifiguish the effect of Moho dip on the avel
limes: hence we compared our dati (Fig. 4) with the travel
times predicted Tor a Nlut Mubo.

The duta st EDM do not contradict the existence of shalluw
activity a1t Rocky Mountain House. Only 41 of the 220 ob-
served events in the digital system showed positive 5. -5
limes. Small §, ~ ¥, ur negative values of this phase ditTerence
would lead 10 masking of S, in the §, wave frain. Those evenls
for which 5, cannat be picked cun be explained as occurring ut
depths of less than 10 km. The sharpness of the observed
distribution of 5, ~ §, suggests & concentration of activily
20 + 5 km depth.

In this kind of calculation there is a trade ol belween com-
putational clfort and results. At this stage we have & Mrong
suggestion, bul ceriainly no prood, tht the uverage depth of a
signilicant fraction of the seismicity is in excess of 20 km. In
order to explore this further, we simplilied the characteristics
of the velocity model and defined a priofi reasonable bourds
beyond which the solution of our inverse mohlem could not lie.
We admit that seven purameters are unknown Lo some degree.
These are the average epiceniral distance of the activity, the
average depth of the activity, the P-wave velocities of 1wo
Jayers and a half spece, and the layer thicknesses., We assumed
that Puisson’s ratio was 0.28 in order to relate S-wave veloci-
ties to P-wave velocities.

It is pussible with a computer search algorithm (ZXSRCH
from the International Mathematical Statisticat Libraries (IMSL
1979} 1o determine N possible heplads of sumbers contuined
within & seven-dimensional rectangle such that the N heptads
are evenly distributes in the possible runge (Table d) of the
solutions. For no panticularty oud reason. other than the desire
10 limit computation, we set N o HKK ard let the compuler find
those heprads that define solutions to the invere problem: only
two madels il (Table 5). They bath require local depths in
excens of HY kin,

Obvinusly a computer search of this type does at prove
rigorously that pathological sihutions do not exist between the
poinis lested. We da, however, have now a reasonable basis for
the statement that at kast some of the seismicity at Rocky
Maountain House ofiginates i depths that sugpest natural rather
than induced camses. We also state that this depth can be deter-
mined if §, -, can be observed.

REMALAR £T Al e
"
"
" Degth = 10 m
-t By - Py - W08
Bu By~ 8y = -0
D Py - Py = OB
E - &= 170 WM
- =
" g™
- 0.
- [0
- Fow H
" |
an .
:“ ::-s.. -o2de P
[ Py -
'.:n A= 170 bm
3
e -
Codra ~ |20
v, Piwn - ——by
LA " !
r, Now I ':
“ 2 W " 4'
N, ", . / '
3, lohe 7__{',’" E
T R S I L] T TR T T e T T s e e e
Epicentral Distance {km)
Soutce Depth 15 km
e
" Cuvarved Pradicied
- M =30 pPg—Prr O3
" P, - Py = 0Ba Sg-ar b2t 0
- By - Fy — 2128 sg=Pgr 210
- 1 Compons a0 ITO m
»
e
o
Eu
=
e
>
&~
[ .
_______ - s
L2 : -
ARy . - 'y
b -
1 4o .
- L S Snar- S Bt B S — T T R T e e e e e

Epicentrat Distance (km)
Source Depth 20 km
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There is also shallow seismicity at Rocky Mountain House,
One week of ubservations with a Sprengnether DR IO record-
ing sysiem (Rebollur ef af. 1982) found mainly shallow activ-
ity. hul one cvent showed an $—Ptime of 2.1 s. Unlortunately.
{his event cannudt be located lor the Earth Physics Branch por-
table analog stations (R. Wetmiller, persomal communication,
19813, and the Edmonton digital station was noLoperating. We
are comtinuing @ program of recording Wl Rocky Mountain
House and hope soon 1 acquire dats for seversl swarn events
recorded both at Rocky Mountain House and EDM. This would
provide final conlirmation of deep seismicity at Rocky Moun-
wain House und raise the very intercsting problem of ity cause.

A definitive proof would consist of a simuliancous obser-
valion at EDM and a1 Rocky Mountain House of a deep evenl.
We suggest this may be dilficult. ln § yeurs there were 4B
events on which S, could be picked a1 EDM. Although we arc
continuing (o chserve, it may \ake some 1ime to establish the
cause for scismic activity in the basement structurcs of the
Rocky Mountain Fomhills.

Speciral analvsis B

Digitz! data provide other information on source conditions.
for spectral analysis of the hody waves becomes feasible with-
out tedivus digitization on doubstul reconds. These digital data
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spectra were smoothed with a Daniel window (DW) of 0.2 Hz.

can yield source parameters. In order to extract good sosrce
information, a high sampling rate, a high dynamic range, and
a broad band sysiem are desirable. Unfortunately, EDM was
designed 1o detect teleseismic activity. It has a sampling rate of
18 samples per second and a reliable band of frequencies be-
tween 0.5 and 7 Hz.

Our basic Jata are the digitized components of the § phases
of the signals identified as originating in the Rocky Mouniain
House urea. These were always band-pass filtered in the range
0.5~7 Hz. By suituble roimions, 5, was isolated on the trans-
VErse comp anl was combined with the venticu) and radial
componenis to isolate S,

Clowes and Kanasewich (1970), studying the aticnuation in
southern Alberta, found a Q of 300 in the sedimentary layers

p has been § d in order to plot them together. The

and a  of 1500 for the basement. Therefore, we approximate
the aenuation with a ¢ of 1000 in order to 1ake into consid-
eration the sedimenis. The signal was corecied for atienuation,
instrument resp . and di . We use a ple length of
20 5 in which we included §,, 5,, and scatiered waves near the
station. Corner frequencies (Fig. 5) were diffliculi to recognize
in many cases because of the narrow bandwidih.

Source parameters can be derived from these spectra {Brune
1970, 1971). As only onc station was used in this study, the
racliation paticm was spproximated as the root-mean-square
(rms) average over the focal sphere for S waves (0.63). We
calculate the correction for amplification at the free surface for
Sy waves using Nuttli's (1961) furmulation. The comection fur
free surface amplilication is 1,04 for the Sy vertical component

amd 1.75 for the Sy radial component considering an angle of
incidence of 24.5°
The source parameters. moment M, (dyn - cm). source ridius
r (km), and stress drop {bar) are reluted 10 the spectral charac-
teristics {Brune 1970, 1971) by
My = 4mpRBY/RA
0.3/
Ao = 106pRES/10F
where 3 = 337 km/s 15 the § wave velocity; p = 2.9 g/fom’
is the density; 1) is spectral amplitude at zeto Trequency; f 15
corner frequency: R is cpicentral distance: R is radiation patiemn
comrection; and A is free surface amplification comechon.
Computations were made on the spectra of 78 events. Usu-
ally the seismic moment calculated Irom the 5, wave was
higher than that caiculated from Sy. Their average was used.

5
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The error in seismic moments is 2 SD (standard deviations).
The curner Treyuency wis idenlified (hetween |8 and 2.9 Hz)
for 34 events. Those corer frequencies gave source radii of
S00—600 m and stress drops of 0.01-1.5 bar (1— 150 kPa)
(Fig. 6). Obviously af this epicentral distance and with this
narrow band system, we sampled only a restricted number of
cvenls with similur source parameters.

N shoukl be noted that the siress drops reported here are at
best lower bounds of the actual values of the siress drops.

Seismic momeni and local magnitude
Because we deal here with a relatively large collection of
data, average behavious is probably the best representation of
the spectral information. In addition to seismic moment, locsl
magnilude is relatively easy to determine, and we have calcu-
lnled qul nugmludc\ fur all cvcnls fur which we obtained
5 s range from 6.39 + 2 x
IU"‘ (M‘.‘ = 161 to 221 = 2 x 10 (M, = 3.5 dyn-cm
16.39 = 2 10w 2.21 = 2 % 10" N-cm). Our data show
mure scatter (Fig. 7) than those on similar plots [Wyss und
Brune 1969; Thutcher and Hanks 1973), but our linear trend is
similar. The best fit 10 our data is

fog (My) = LIM + 16.6

If we are tg yplerpret the two numbers that scem Lo fepresent
the observations o some degree we have (o assume some
model of the entthyuake source. Such models are legion, but
they all bave some features in common. Therefore, we con-
structed a relation between bocal magnitwde and seismic mo-
ment assuming that the Sato and Hirasawa (1973) circular
muxdel is representative of the source processes at Rocky Moun-
tain House.

If we assume thay all events of the swarm have the same
origntatian, rupture velocity, and rupture prea, we can calculate
the predicied specteal amplitude at 0.8 Hz (und hence the pre-
dicted local mugnitode) as a funciion of seismic moment. Then
the S-wave amplitude at frequency 0.8 Hz will have the form
(Sato und Hirasawa 1973)

Alw) = MRuBlw, v, {, &, THmpf’

where B is S-wave velocity; v is rupture velocity; { is rise time;
r is source rdiug; Ry, is radiation patiern; ¢ is azimuth; M, is
seismic moment; B is source function; and w is sngular fre-
quency.

The parameters of this relation are of varying uncertainty.
Clearly the rupture velocity is hard 1o define @ priori other than
by boumds. To say that the ruplure velucity must be in the

LOCAL MAGNITUDE
FiG. 6. Source radii and stress drops derived from 5y, specita plot-

ted againsl local magnilude. Emor bars were calculated wccording 1o
the propagation crrors of comer frequency and seismic momen,
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LOCAL MAGNITUDE
Fic. 7. Comparison of thearetical relationship between M, and M,
for a circular fault (Sato and Hirusawa 1973 mudel) and Gibowict
(1973) relstionships with our experimental relationship.

interval of 0.65 = 0.35 times the shear-wave velocity scems A
reasonable. Similar bounds on the shear-wave velocity are 3.53
= {).] km/s. Those comer frequencies we have obtained sug- 4
gest that the source radius will be 0.6 = 0.2 km. Lacking any -
orientation information, we wok an average vatue for the radi-
ation pattem correction of 0.6 and an azimuth of 90°. The
source function B depends on the model amd the angular ire-
quency at which we do the caleulation (by definition ut 0.8 Hz).
We set the rise time Lo be the rativ of the ruplure size to the
rupture velocity.

If we assume a rupture velocity of 0.9983. an S-wave velocity
of 3.52 km/s. a densily of 2.9 gm/cm’, und a source dimension
2r of 1 km we get

log (M) = M, + 176

This relationship seems to fit our data. The intercept (17.6)
of the relationship was modelled Tor a wide variety of rupture
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g FIG. 9. Evaluation of the b value Tor the Rocky Mountain House
’ carthquake swarm.
1749
1114 for events with source dimensions less than 500 m. This is
100 essentially the same relationship that we found.
1.5 Energy release and b value
We used Guienberg and Richter's (1942, 1956) energy -
- magpitude empirical relationship in order to calcutate the Sei%-
5.0 mic encrpy refease of the Rocky Mountain House carthquake
[TR? swarm; this is given by log,, E. = 94 + 2.1lm — 0.024m;],
where £, is scismic encrpy and M, is local magnitude.
- This empirical relationship depends on the theorelical siudy
T T Te %L % 40 4+ e %% 64 W0 of seismic radiation at shunt epicentral distances; therefore, it
MONTHS can give a reasonable extimate of the seismic energy for small
carthquakes from the Rocky Mountain House earthquake
-SWarH.
{b) An average of 10" erg/month (10" 3/month) was released
B

;a|

]
t
L R E R
' MONTHS

1878 Tt 70 79 80 1981

{c)

FiG. 8. Sirain release (o). cumulstive energy release (h). and
tnergy release fo ) from the Rucky Mountain House earthquake swarm
valculated 21 EDM. 1976 - 1480

velocities. shear-wave velocities. densities, source dimen-
sions, raliation patiern, and azimuths, using again the sub-
ontine ZXSRCH (IMSL 19791, The best fit was found to be
'og (My) = My + 17.1. assuming a shear and ruplure vciumy
of the same magnitude (3.5 km/s}. a density of 2.8 gm/cm’,
a source dimension of 100 m, a radiation paticrn of 0.5, and an
azimuth of 71°. Therefore. this search for the best fit iends 10
give smaller source dimensions than those ahserved an our
speciral analysis. Gibowicz (475} caloutated a similar theo-
retical relation using the Randall (1973) graphical rclation
given by

log (M) = M, + 17.16

during 58 munths since 1976, The contribution of small carth-
quakes ta the total seismic energy release is negligible (Fig. 8).
The total seismic energy released during this penod was 5.6 x
107 crg 15 6 = 10M J). equivalent 1o a single carthquake of
magnitude ( M) 3.9. The total seismic energy relcase of possi-
ble deep events, i.c.. carthquakes that show clear S, refracted
phases, was 5.49 x 10" erg (5.49 x 10 b This means that
98%. of the total seismic energy release was released by possi-
ble deep events tdepths greater than 19 ke The cumulative
seismic strain release (Fig. Bu ) yields a maximum sirain relcase
of 7.5 % W erg* 347517

The strain relcase as a function of time (Fig. Bb) shows a
maximum relcase of sirain energy during the Tirst year of the
swarm {1976). Alier that the strain is accunulated and repre-
sentcd by the flut part of the plot. However, whether the strain
encrgy i releused in small carthquakes or is accumulated can-
not he answered Trom this short pesiod of ohservations.

Using 242 events we calculated the cumulative number of
events versas focal magmtude (Figo 93 or the Guienberg and
Richiet 11956) freguency —magnitude relation given by iogwn
N = g — hm,. where N is the number of eanhquakes [or unit
time. « and b are constanis, and m is local magnitude. We used
some of the magnitudes calculated by the Earth Physics Branch
(EPB), Depuriment of Energy. Mines and Resources Canada,
anil reported in their bulletin. For events not reported by EPB,
we calculaled the local magnitude according to Richter (¥958).

There are three main factors that limit the aceuracy of the
evaluation of the b value. The magnitudes are unceriain, small
evenls are undetected, and there are few events because of the
short ime of observations (Milne er af. 1978). Uncertainties in
the cvaluation of magnitudes are difficult to estimate if the

RULHOLLAR LT AL 11k

magnitudes ure caleslated a1 s single station. The Edmonton
stution detects events lrom the Rocky Mountain House ares
with mapnitudes greater than 1.2, a6 can be seen lrom the
frequency —magnitude relationship, However, same events in
the range Trom | {0 2 are undetected. The & viduc lor the Rocky
Mountain House carthquake swarm is (1.8 and lics in the range
of values (between 0.6 and §.5) found by Everden (1970) using
worldwide seismic data, and is similar w the values fosad by
Milne ef al. {1978 in western Canada (those values tange lrom
.65 1o 0.82).

Conclusions

Events detected at Edmonton Trom the Rocky Mountsin
House carthguake swarm appear to have a source depth grealer
than 10 km. This conclusion is based on the match of refracted
phascs with theoretical travel-lime curves for a swdel of eentral
Alberta. A portable digital seismic station was operated during
August of 1980 m 52.26°N and 115 L3'W . approxiotely 155
km southwest of EDM. Events detected dunng this period of
time indicate mainly shallow activity tfess than 6 km). Never-
theless. there is one event with an $— P tinwe greater than 1 s,
indicating a distant or deep event. Therefore, two kinds of
activily may exist: deep activity possibly associated with thrust
Faults of the hasenent of the Foothills of the Rocky Mounains,
and ~hallow activity possibly induced by secondary and 1erntiary
recovery methads 1n the Strachan pas icld.

Seismic moments calculiated for events with a local mag-
nitude of 1.6—3.5vary rom 6.39 £ 2 x 1010221 * 2 x
10" dyn-om (6,39 = 2 % 10" 10 2.2 £ 2 x WP N-cm). A
retation between seismic moment and local magnitude was
found to be log { My) = 1.3M, , 16.6 Tor magnitudes from 1.6
10 3.5. This relationship suggesis average properties of the
source that, in terms of (he Sato and Hirasawa {1973) model,
give small source dimensions, approximately 100 m, and near-
sonic rupture velocitics.

‘The total seismic energy refease for a period of 38 months
was 5.6 X ' erg (5.6 x 10" I 98% of this energy was
probably released by deep events [events with clear refracted
phases at Edmonton). The b value of this carthquake swarm
was 0.8, simitar 1o that observed in other parts of western
Canada.
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