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!’ ABSTRACT —
A six- statlon d1g1ta1h¥¢record1ng selsm;c ne{;ork w1th
10 sensors within a 'radius of 11 km has been operated by
Alberta Envzronment for 5 years near Cold: Lake, Alberta in
ﬁorder_ to. establlsh the nature of .micro- tremors reported in
the area. These spatzons are in an area where heavy oil 1is
-being-extractedfhsing an in situ pnocess“of\stean dnjection.~
. ‘The tremors range from 20 to-moré than 100 pe; year and
aré classified: as microseisms.“The area'is also close to a
Canadian Forcee'Weapons Range'and the“array was designed ‘to
.discriminate between sonic'arrivals from superson;c flights, ©
bombing practices- on the range, and tremors originating in
the Asolid earth. ‘The local earth tremors are mostly less
than/ magnitude.{z and ‘appear to follow a  topographic
linearity .throuﬁh the heavy oil croject area 'apd the

gecmorphologfcai chiracteristics of the bedrock topography.
Analysis of the . results . indicates that the
microearthqnakes fall into threé”regions, one. related with
»tbe' geomorphology of  the area tne other at focal decths‘
assoc1ated w1th steam 1njectlon and oil productlon formatlon
levels ‘and the final related to waste water dlsposal SE of
the array. Focal\;ecﬁaﬂegm analy51s gave us directions of
compre551on in the area, whlch are concordant with the dip
of the- local formatlon. Also in this stddy an automat}cﬁ
procedure {or obtalning first arrival' times will be

introduced for analysing'data.
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“1. INTRODUCTION
i.1 MICROSEISMICITY - A REVIEW

The term seismié{ty refers to the earthguake .abtivity
}n the field of seismology; Earthquékes'Of ﬁagnitude less -
than 3.0 are considered to be micfbgarthquékgs. Table 1
- shows the earthquake . magnitude spectrum and the.diffe;ent
;;cafegoriés présént, based on magnitude variations. »

~Microearthquake studies . were initiated after the
'definftibn ofc mégﬁitudev'SCale by Richter in.’ 1935;\ The
‘magnitude scale is g Alogarithmﬁc,. narrow baﬁa (ébsec.),
measure of amplifude, éofregted ffr thé distanceb.of‘ the
~event. ‘ N : .1 ,/. | |

In 6rder tb extend séismdlogical S£udies:xtb the
microearthquake range,b'it is neceSsary to haye a ékoup of
ciggéiy spaced and_highly'sensitéve éeismngaphic stations.
hOné. calls this array a micréearthquake network. Usualiy it
is opérated by-either. telemetering ‘seismic signals to a
ceﬁtpal. re;o:ding site’ or by ~re¢drdiqg at _individgal
stations. ’ |
The”basic ~purpoée of‘a microearthéuake}néﬁwotk is to
‘study»the nature ana state of local short period teCtdnic
‘pfocésseé, AcCording to gfe et.él. (1981),_some‘applicaﬁions
include: monitoring seismi;iﬁy for earthuake predictioﬁ'f
‘purposes, vmappingﬂ of actibe faufté'fcr hazard evaiuatioh,
exploring for geathermal'tfeéoufceé,. invegtigating the

‘structure of the crust and upper mantle, studying aftershock

1.
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'Mo.dielfpte earthquake
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Table 1.... Earthquake Classification by Magnitude..
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activity, and detecfing-induced seisﬁicity. ‘In the latter
category. one, has effects due to‘nuclear explosioné, miningy\.
activity, filling reservoirs, fluid injection, and '%ther i”{'
artificial ‘crustal disturbances.

Technological advances in instrumentation‘{n :he ‘T960s‘
made possible the op;}ation of séism&c rrays. Many neéwbrks
were developed for detéctian of nuclqt{?explosions and also

to ‘discrimimate these artificially made. vibrations from'

| ‘natural teleseismic earth tremogs. The-larggﬁt network, ﬁo
"longer in.joperation, was the Lérge Aperture Seismi; Array

‘ (LASA) in Montana. Four “smallef arrays, thétl'are; still‘\in _‘.
operation, = were located ‘in ﬁskdalemdir, Scotlands;
Yeilowknife, Canada} Gauribidanur, {ndié and Warramunga,
Australia ( Lee et al;21981). The quversity of Alberta has

operateé/éé:eral temporar} networks called VASA ‘Variable

Aperture Seismic  Array). In 1966 th United States

Geological Surve began the  installation of* a
‘microearthquake ngtwork along the San-Andreas fault system-
in central Califlornia. This network *tglemetérs'.ggksmldiri#‘

signals from field -stations to ‘a center at Menlo Bark,

Califorqia. The umber.of'stations in thi; arfay was‘ZSQ.’BY"“
early 1980.: .- | |
v_fheée types -of networks have évolved into reéionalz,and‘
topical seism'C‘_nétworks for Qarious research’purposes.

‘"Permanent” e rthquake networks arel thosée consisiing of
sfétions " wh sevusignals are.telemetéred into a central site o’

reducing labpr {n<cqllection and proéessing of seismic data
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and improving the ~precision of ‘timing. “TemporarY"

mfcroearthquake network54 are portable and developed for

A}

" short duration operations.

1.1. 1 Permaﬂent Networks

Eﬁls type of network is used for basic research For a

.

given region in the world majoi arthquakes usually occur at

1ntervals of years or tens of years. This requ1res long-term

”_stud1es in order to collect the necessary data. On the other

.

hand, in order to study m1croselsms, one needs

. C e -
h1gh-sen51t1v1ty selsmometers located within the earthquake‘

SOurce reglon. ‘If these microseisms have shallow focal

depth less than 10km, station spacing of 10km is reguired

in order to determlne focal depths, 'reliably. Therefore,’

m1croearthquake 'networks must have densely located stations

.and thejcapability‘of processing largeé amounts - of data.

o . T . - E
Accord#ng,to Lee et al. (1981), there are approximatelly 100

permanent networks in operation around the  world, that

follow the above characteristics for accurate detection and

L I .

correct analysis. Generally, they range from a few stations

to a few hundred stations.

.0

1.1,2 Temporary Networks

™~ ' :
Temporary networks are usually arrays of portable

selsmographs used for reconnaissance surveys. Such portable
selsmographs consist of a selsmometer, a method of measurlng

absolute time and a’ recorder with built in amplifier and



- power Supply. Such networks are used ini many countries in

order to study _tectonic processes "for a short period of -

‘ time.‘Th{s type of network is widely used for aftershock
studies.

1,2‘ GENERAL‘APPLICATIOHS OF MICROSEISMICITY

1.2.1-Aftershocku5tudies,
One o the basic %pasons .for‘ the emplacement of
temporary' microearthquake networks is perhaps, to record’
aftershock act1v1ty.—Because a large number of aftershocks
follow a large earthquake, | . .plethora of data can be

colIected in a short time, if the array is located w1th1n 48

3‘0
Yy
hours aftd/» a major event. The need for detaxled studles
t

after an e hquake is very 1mportant and requ1res as much

data as poésible, Temporary networks are deployed-after a
large earthquake and are ‘in operatlon nt1lr aftershocks
subside to: a \low level. In;“some cases 1f an earthquake -
. occurs  within an existlng network  extra portable

: selsmographs can be used to give more accurate locations and

focal mechanlsm solutions.

1.2.2 lnduced Seismicityzstudies .

Human act1v1ty such as,” testing ot nuclear weapons,‘
m1n1ng, f1111ng reservolrs, and 1nject1ng fluid underground,
may sometlmes induce earthquakes. Many studies have been

done related to these types of act1v1ty During the 19605, a

P



peried of h1gh nucleas tesffhg, ;noticab1é earthquake
act1v1ty accompan1ed nuclear exp1051ons. Many seismic arraysa'
were deployed- ;q:ound the_’world to study thlS problem.
Boucher et al.‘(]969), Ryall,and Savage (1969) @nd Hamilton-
and Healg(1969);- are aﬁohg ‘those that studied nuclear
explosion induced earthquakes, ‘ . |
Stress eoncentrations are ‘creaﬁed during»mining and
rockbursts indicating strain release assoc1ated with mining
operatlons. Microearthquake networks very close' to the
source have been used to study such ‘tremors. Cook (1976),
Hardy and Leighton (1977,1980), give a good summary qf'sueh
sgudies. , o o q

Moderate. sisz \earthquakes have been triggered in many
" cases by f1111ng of reserv01;s, Gough and Gough (1970 1976)
glve a goodzwanalys1s. of the Lake Karlba ( Rhode51a) dam
associated earthquakes. In some cases seismicity in the
areas has increased,. showed no change’or.eveq'decreasea.
Gupte and kastogi (1976), Siﬁﬁseu‘(1976) give good reviews
on this /subject. A féh microearthguake netwbrks in such
cases have peen'de916yed before,.during ana afterﬁﬂreservoir
“fill}ng, in order to understand this problem in detail.
Another area of induced seismicity is’ fluid‘ injection‘
and extraction. The ‘best known case was near’ Denver,
Celofedo yhere detailed zstudies of such seismiéity were
ca;;&ed out by Healy et al. (1968). Other ceses are reported
by Teng et al.(1973), Ohtake (1974), Fletcher and Sykes

(1977). In these cases seismicity was shown to be related to

S
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fluid 1injection, and ~used in determining focal mechanisms

and direction of stresses. “f

'

1.2.3 Geothermal Exploration .}

ﬁicrqeartﬁquakes have begdﬂobsegved in many geothermal
areas, Ward (1972), Coﬁbs : 1  Headly (197?};mMajer and
McEV1lly b(1979) Based

m1crose1sm1c1ty and Tﬁz

networks can be a ‘Hpés1t1ve K,Q-fbééh to- -geothermal
exploration.. By detailed mapping of microseisms, ac;ive
faults may be locatedvalong which steam apd hot water “aré

brought to the earth's surface as noted by Lee et al.
(1981). In otﬁgr cases, Iyer (1975,1979), Iyer and Stewart
(197?), arrayr processiﬁé techniques were used - to study
ééi;mic‘noisé anomalies in érder to indentify‘ potentiai
geothermal sources. In these cases, P-arrival delay times
across the.microéarthquske‘netwdrk were used in Jseérdhing

for anomalous regions in the crust,and upper mantle, .

>
¥

1.2.4 Crustal and Mantle §¢udiés s
Velocity structhre"oﬁ the c¢rust and mantle . has been

determined in some cases using arrival times and hypocenter

data from %mlcroearthquake networks. Such data are obtained
from~ local, regional and teleseismic °~ earthquakes . and
-egplosiéns 'rggorded at regional distaﬁces. Many étudies use
microearthquakégwepd explosions aé sources to construct

time-distance plbts: These are interpreted ‘by the usual

-



-

re{;actidn method.

Mizoue (1971) studied the crustal‘structure of . the Kii

®

Peninsula usingsfa;a from deep crustal reflections and from

direct and refracted waves. Hadley and Kanamorj, (1877) using

microseismic data, and ‘data from artificial sources and

teleseisms studied the seismic .velocify"structure of the
Transverse Ranges in southern California. Seismic properties
of the San Andrea§ fault ione have been detérmined‘ (Kind,
1972; Healy and Peake, 1975).

Other technigues such as the .time-term method have been

applied” to microseismic networks (Hamilton, 1970; Wesson et

al., 1973b). Direct measurement of apparent velocities of P-

waves have been made and from these, crustal structure under

the nefWork ﬁés:been established-{Kanamori, 1967; Burdic and

Powell, 1980).

Computer advances in recent years have improved

_modeling- techniques. Methods such as modeling. velocity

variation with depth ( Aki and Lee, 1975), nonlinear least

o . )
_squares techniques using P - and S - readingss { Mitchell and

_...Hashim, 1977) to calculate apparent velocities. Inversion of

arrival times to ebtain three dimensional velocity structure
- / -

( Aki et~41., 1976), have been applied to microearthguake

>

network data.

-



1.3 SPECIFIC&TION OF THE STUDY

A number og.earth tremors were reported by residents of
the Cold Lake area of east-central Alberta, Canada, in 1977
and 1978. This dave rise to a six month research study
beginning in December\ 1978 by Dr E. R. Kanasewich.Sf the
University oflklberta using an array of three vertical
motion seigﬁéﬁéters. The array was installed on the Duckett
fafm near Ethel iake (54.53 N,‘110.%§1 W) and recorded data
confinuously from 6€cember é, 1978 to June 19, 1973, The
initial purpoge of this study was to establish the level of
seismic activity and to determine the azimuth and phase
"velocity of any local earth tremors. o T

'Over 698 local impulsive events were observed during
the initial recordipg period. Of these 172 were identified

as due to sofic booms and 21 due to atmospheric waves

generated by bombs set off on the military rangé,' north of

the Cold Lake area. The nature and location of the remaininé
local events was not established, except that they were
~generated locally within the crust. In addition 112
teleseismic events were also observed. During the recofding
périod, at least one event was felt by lgéal residents and
recorded simultan;ously by the array. Several others were
reported, but not observed on array records. No structural
damége was reported that could be associated with the
seismicity. None of the events was of such an intensity as

to have been recorded outside the Cold Lake area.

I
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‘In view of the rather large number of uneiplqined local
events and the objectivé documentaéion of felt tremofs,
Alberta Environment deéided to assume responsibility for
continuous seismic monitoring in the region. The issue had
also been raised pﬁsiicly at the Energy Resources
ConseYvation "Board (ERCB) hearings into the Esso Resources
Canada Limited (ERSL) application for expansjon of the
gxistingu pre-production pilot plants to full producti;n
status and at the Cold Lake Beaver River Water Demand Study
'public. meeﬁing held by the Planning Division of Alberta
Environment ( Kanasewich et al., 1982). In the fall of 1979,
the Earth Sciences Division (ESD) and the Research
Management Division (RMD) of Alberta Envifcnment agreed to
the, proposal and initiated the first phase for a stafe of
the,art1digital seismic ménitofing array near Cold Lake.

ESD assumed project management respon;@bilities-during
design and qonstruéﬁion of the arraywéﬁa ag;eéd to sustain
its maintenance throughout its active serviée life. RMD

financed the construction of the array. and assumed

responsibility ° for the research program required for
- v ' .
interpretation of data derived from the array. ESD also

accepted responsibility for dissemination of data through
its existing groundwater information service. The data was
"to be analyzed in the Seismplogy Laboratory at__the

University of Alberta undéﬂ&the direction of Professor E. R.
, 88 N e S -

1

Kanasewich,

’
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A telemetered seismic ;:;)y of 10 sensors ab{6 81
was establishedm by Alberta Environment in October an
November, 1981. The rgcording system unde{went extensive
changes and testing during the initial period from November
13, 1981 to January 18, 1982, It waé officially opened by
Alberta Environment on October 1, 1982 but ail {0 sengprs
_were not in operation vdntil Decemper é], 1982. Figure 1
shéws the study area and the locations of the seismic
stations.

It is the aim of this study ‘to undertake an overall
analysis of tﬁe locally opiginatihg microtremors. A uniform
method of filtering, display, and ¢timing the 1intitial
compressional and shear waves’ has been established.
Epicentral and hypocentral locations, and focal mechanism
éolutions were. carried. out }n 6rder to correlate these
" events with potentiél sources. Sufficient background
infor@atton has been obtained relatec to hydrogeology and

LY

the heavy oil recovery projects in the area. A study 1s to

be made on the hypothesis that some eventf could be due to .

localized stress in the geomorphological feature' with.

possible triggering mechanism due to disturbances of
hydrology and pore pressure. Other events could be related

directly. to the steam” injection or ©il produmtion at the

level of the Clearwater Formation from the Heavy oil’

Recovery Plants. The ~above. hypothesis could lead to the
‘separation of the local microearthquakes‘into two or more

sub-categories.
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‘1.4 INSTRUMENTATION AND OPERATIONS . o

?&e 1nstrumentat10n of the array’was in accordance with
spec1fﬁcat1ons requested by Dr. E. R. Kanasew1ch The"
detallégispec1f1catlons were drawn up by Dru1d Electronlcs\
1n March,a1980 &W%lllams Electron1cs was respon51ble for the
1nstallat10n of the FM-UHF radlo telemetrv 11nks while Dxu1d'
Electron1cs$ ‘nstalled the analog and dlg1tal recording
system at'the base’ Station and the digital playback system

.in room‘ 647 : Payszcs %Fgldlng, Unlver51ty of Alberta. The
charpsterlstlcs of the digital seismic mon1tor1ng array are
shown 1n~Table 2" and Table 3 | '\h

The sensors are Ge: ec: =500 short-period seismometérs
with a Sensitivity of 450 V/(m/sec) ‘These are sealed¢1n
"bombs" at depths of 36 -to 107 meters. The . wells 'we;e“
drllled through.theﬁglaCial drift @n;o‘bédrock, cased and a
~ cement plug was set at the bottom. :Considefable difficuicy
was .encountered ~in obtaining good coupling'fbetﬁeec the
seismomace}s and the-cementfpad.cr bedrcck{ The holes were.
redrilled in September, 1982, and more Satisfactory coupling
; was cbtained. The'seismomatérs are enclosed in a: specially~i
machlned case to wifhstand tha water preésure, The base
f;ﬁ*détation' has jcfi?e sensofs_ including,. three ’ vertical

:‘*‘séjsmometers formihg a tripartixe-afray. One Q& thgf&erfical
naenécra and ‘two hotiaoatal.LSgnsors form a unit .and are

- S .
seated atl'a' depth of 1 meter ( Kanasewich

, 1983). the
locatipns of these stations’'is shown in Figure 1 and listed:

in Table 4.
. (N



1. Hecaording System -
Recording Capscity , = o8 Hr. (4 drives) . O .

Channel Capacity - fo selspic - 1 High Frequincy, 9 Lov °
. frequency | Time Code \

sample/6 wa High Frequency Ssismic .
sawpla/18 ms Lov Frequency Selsmic
sasple/90 ms Time Code (WWVB)

Saopling Rate -

Recording Hedium - 9 Track 1600 BPI ANSI scandard 184
| compatible magnetic tape

Block Length - 4992 bytes
Formac - 68 bytes presmble

« 4924 bytes dats delts coopressed 8 bits
compressed/lb bics expanded

Digitizing Accuracy - 12 b1t bipolar A/D ) ’ -
: ’
N A)
Bandwidth - - Fast Seisaic Channel B2H: '
: = Slov Setssic Channgl 27H: -~ .

-~ Time Code Channel 5Hz '

Tioe Synchronization- Detived from quart:
) WWVB. synchronized clock -
- Relative sccuracy : 5 ms N

= Abeolute sccurscy : 10 wa from UTC
‘

2. Local Dieplay Systes )
» [ 24 hour ‘single channel dria helicorders

3. Telemecry

$'channels sre telemetsrsd over FM UHF radio linke. Seisaic dats
ts f1rst converted to AF-FM vithin voice band then transmitted over the
radio links., This AF-FH is discriminsted st the bass station.
: Lioke L .
Dicect Radio Links sice 2
3

-1 .
-1
- . 4 -1
falgy Links site s - 4«1

6 -4~
FM UHF ' ‘Fuqucncu 453,4125 HHz, 453-6625 Mz, 453.9125 Mz
FM UHF  Audio Band Width SKHz'

AF ™ Carrisr Frequencies 680 Hz, 1020 Hz, 2040 Mz, 2380 Hz

AF. Deviation _'_lZSH.x B
. AP P . Signal Band Widen 25Hs
AF ™ Dynnui(_: range 60dB .
4. Seisvometers and Anplification o ’ ,
e Semsitivity wov/als st T S .
Gatn Avatlable. 60 to 120dB 1o 6dB ‘steps '
band ) - 0.1-25 H: Low Frequency Sei{saic Chaanel

s -0.1-100 Hz High Frequency Seisaic Channel

S. Array Structure *

: S remote channsls (one verticsl ssissoveter each) Telemetered to
base station - al) selsmometers Lo cased holes and positioned at bottoms
of drifc, | N v :

5 local channels at base station

.

R - = 1 vertigal seismometers in cased holes positioned at bottom - . A
of drife °
! = ‘l'vertical selsmometsr at | metrs depth -2
- "1 North seismometer st 1 aecre depth

- | East. seismometer at | ‘metre depch

%oce: 1 of the local vertical dovnhole seisnometers used for high
frequency channel, '

Table 2.... General system :specif.,icé_ti'ons Cold Lake
Recording System. Installed October,1981,



Channel Sampling

-Rate

Site

Descrip-
- tion tion

Designa-

RF FM

AFFM

Helicorder

*

1 ‘6 ms

2 18 ms

3 - 18

s
PRl
Y

ms

ms

5 18 ms

ms

ms

ms

9 18 ms

-,
4

£

10 18 ms

11 . 90 ms

2

_East field ELEH

Duckett Farn

- Ethel Lake

Downhole

o

—

Shallow  ELEZ.

vertical -

' Duckett Farm
- Ethel Lake

Shallow North ELEN.

Duckqtt Farm
Ethel Lake

Shallow East ELEE
Duckett Farm '
Ethel Lake

South éines ~ ELE
Duckett Farm
Ethgl‘Lake

Disposal well LPE
near Leming

Plant

Bourque Lake BLE

Leming Lake LLE

Gas well

. Bibeau's MLE

cottage
Marie Lake

i

N/A WWYB code - N/A

. 453.6625

N/A
N/A

N/A
N/A

N/A

453.9125.

. 453.4125

A

. 453.9125

‘Roux's Farm HLE 453.4125

N/A

“N/A -

N/A

N/A.
N/A
N/A

2380

2040

1700

1020

680

N/&

No

No

No

No

" No

Table 3.... Channel List of the Cold Lake seismic stations

L
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COLD LARE ARRAY - STATION LOCATIONS

TABLE 4A |
STATION .SITE LATITUDE LONGITUDE SURFACE-ELEV
Code . _N oW Meters '

BLE BOURQUE LAKE -~ 54.6776 110.5823 648.4
LLE LEMING LAKE 54,6074 110.5014 599.9
LPE LEMING PLANT: 54.6208  110.4302 . 601.7

HLE  “HILDA LAKE 54,5014 110.4798 557.8
MLE  MARIE LAKE 54.5938 . 110.3007 578.2
ELE ETHYL LAKE . 54.5321 110.3299  545.2
ELEH ETHYL LAKE 54,5344 110.3243 545.8
ELEZ - ETHYL LAKE = 54.5344  110.3243 545
‘ELEN ETHYL LAKE =~ 54.5344 110.3243 5487
ELEW ETHYL LAKE 54,5344 110.3243 548

. Array centre: 54.5892 110.4364

TABLE 4B L |
UNIVERSAL TRANSVERSE MERCATOR GRID [UTM]

=~ STATION SITE CHANNEL NORTHING EASTING ELEV g
Code  No. No. - Meters - Meters SENSOR |
BLE 5 7 6 058 777.0 526 936.1 541,7
LLE 4 '8 6 051°004.9 532 207.9 563.9
LPE 6 6 6 052 527.5 536 796.2 - 549.9
HLE 2 10 6 039 219.9 533 688.0 481.6
MLE 3 ¢ 9 6 0497605.3. 545 183.9 ~  489.2
ELE 1 5 6 042 711.9 543 363.3 , 481.2
ELEH 1A, 1 6 042 979.¢ 343 723.2 544
ELEZ 1B 2 6 042 937.. 143 271.1 544

‘ 6 048 774.4 536 362.6 . .

Array centre:

. TABLE 4C
 THREE DEGREE TRANSVERSE MERCATOR GRID [3TM] ,

STATION COMPONENT - DEPTH NORTHING . -EASTING
Code Meters - Meters Meters
BLE " Vertical 106.7 6. 060-595.4 ~~ 26 944.1
LLE Vertical o 36.0 6 052 820.9 32 217.6
LPE . Vertical. 51.8 6 054 344.0 36 807.3
HLE. Vertical . 76.2 6 041 032.4 33 698.1
MLE . Vertical - ~ 89.0 “6 051 420.9 45 197.4
ELE Vertical / * 64.0 6 044 525.5 43 376.3

"ELEH  Vertical ' 64.0 67044 793.6 = 43 736.3
ELEZ ~ Vertical " 1., 6 044 750.6 ‘43 284.2
ELEN Horizontal T. 6 044 750.9 43 284.2
ELEW Horizontal ° 1. 6 044 750.9 43 284.2
B -] .
- [

Table 4.... Cold Lake Array statlon locatlons. The listings
are in three dlfferent coordinates.
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‘E“Eh vremote Bite has. its own hou51ng and antenna a
short dlstance away from the well 51te. A blol dlagram of a
remote station is shownl1n.F1gure %. Tne huts are unheated
and powered by either AC mains or propane direct conversion
eleCtrical goner source. The radio—telemetry uses UHF-FM
‘transmitters' on frequencies ~of 453, 4125. 453, 6625 and
453. 9125 MHz._Statlon LLE has.a radio repeater to retransm1t
data frem.sxatlons BLE and_LPE (Figure 2). The slgnals are’
relayed to the baae station with Weatern,fadlo 30 watt
transmitters. The base station is on -the ?uokett Farm at

i

Ethel Lake (ELE). The seismic "signals  are amplified by

Geotech 42 50 seismic amplifiers with a pass-band of 0,2 rto

‘25 Hz and are-muliplexed w1th an audlo carrier by a Geotech

46. 22 system. The carrier frequenc1es are 2380 2040, 1700,

1020, and 680 Hz... The AM-FM signal band width is 25 Hz, and
the dynamic range is 60 dB (Figure 3).

| The ' base - station . has A3 UHF receivers and - 5
diaeriminators for demodulation. Tné‘ analog data "recorded

J
‘for the 5 remote sites and one channel at the base station

" is stored in analog form on Helicorder recorders. A sixteen

7channelu .sample and. hold device 1is 'nsed to .obtain
quasi-simultaneous (11 zchannels _at 40,000 per second)

sahples of all channels before conversion from analog to

~digital form as 12 bit bipolar words in excess b1nary (2048)

format. . |Nine;:- .of th channels are sampled every 18
mllllseconds (55 56 Hz) The sensor from station ELEH is

Sampled every 6 mllllseconds-at a sampling rate of 166.7 Hz



) CALIBRATION
_+—| '—+— . INPUT =

+12v —] WESTERN | M2V —] 2V
o RADIO GND —|" GEOTECH | +12V
- | 2-CHANNEL : SEIS A,B TO AMP 6,7
B GND —f RECEIVER 4250 5 com. _
SEISMIC +in.
out - 6
. . AMPLIFIER | -in
600 Q | — [
' " ‘ AlB [ [DJE[F |G
+12V GEOTECH - -
: : q2v| o 4622 N s
) o - ‘ , - | GEOTECH
—*——l ] Mucin | VOOwihMux || 7 5500
; . = 680 Hz ' , SEISMOM.
gL
! —]  WesTERN — 5A: Signal
‘  RpDIO VCOout ' - B:Common -
- . . ~ C:GND
30 WATT __ +12V CDi+t2v
.| TRANSMITIER | 0 Eli2v
‘ : F: cal. coil +

G:cal. coil -

.

Figure 2.... Remote Field Station Configuration and $-500
' Seismometer Discription. Modified from Druid Eleqtronics

- Design.: . o ‘ :
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to retajn inﬁorma;ion on high frequency components from

local events. Figure 4 shows the operation of the base ...

station.

. The data is formattéd byta RCA 1802 and a TI 990/101
microcoﬁputer before being' stored on tape by one of twp
g-track, 1600 bpi Kennedy 9000 maghetic _tape transports.
Whenever possible the digital data is séored‘as one byte‘ohl

‘the basis of the first difference between two adjacent words
(delta »compreééion). First differences on compréssed words
ranée from -120 to +119. Each block has a maximum ‘df“mﬂ§§2
b&tes of :data, rarely attained. A preamble of 68 bytes
cdhtéining the block number, an 8 byte time code correct to
1 "ms obtained from a WWVB receiver, the first digital word

-~ as two bytes (in 16 bits) for each channel at the block

ime code includes the day of the year,

start time. The
hour; .miﬁute,““éecon and milliseconds. The. Kinemetrics
N.B.S. receiver® clock controls 'é  quartz clock which
maintains ti c‘racy if the WWVB signal fails. The data
is stored as 8 bit words in compresgéémformat or a 16 bit
word. An uncompressed wordAis identified by the présence of
a hex F (1111) in the first nibble. Depending on the degree
of-compression; 1 block of data will normally .cohfain 5=7
seconds of real gime intormation. '
| Typically the first tape of the aay _wi;l contain 15
“hours of data and a &Z?Tme;?f-7800 blocks. The second tape
will run for 9 hours and contain 4700 bloéks: Two tapes are‘

.collected daily at. the base stétion and sent by Loomis

J
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| FIVE CHANNEL
FECENER ANALOG MONITOR
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Courier Service to the Cold Lake Processing Center at the
Unlverslty of Alberta. Approxxmately 800 tapes are collected
per year. ‘This represents nearly 200 x 10’ bits of digital
data. The station performance on a daily basis.is-shown in
Figere 5. .

The playback system‘ inq the Physiés Builging at the
Univergity of Alberta consists of two Kennedy 9000
read-wfite tape transports, a TI 990/10 minicomputer with
two 8 ﬁnch‘glaépy disc drives and a video monitor. In
addition there vis a lew speed digital flatbed pen plotter

'(Tektronixi4662 Interactive Digital.Plotter), a dot mattifh
printer (Digital Decwriter IV) -and a 14-channel Xerox
Versatec (v-80) electrostatic plotter. The overall operatlon

AR
of the system is shown in Figure 6. s -

1.5 GEOLOGY AND HYI OGEPLOGY OF THE STUDY AREA
Generally, in terms of. geological evolution, in the
Alberta Piains and the- Foethills, a  majo; depos?tional
ﬁiatus occurred fellowing the Devoniah Period and before the
'reneWal of sedlmentatlon in the Cretaceoﬁs. This type of
er051onal surface truncates the Jurassic, M1551551pp1an and
Upper~Devon1an strata. Cretaceous beds were deposited on the
Paleq;oic erogional surface with a slight angular
unconformity. The Lower -and Upper Cretaceoué‘are separarted

by " the Fish Scales marker zone. During Tertiary time only

minor deposition occurred ( Gold, in prep.).
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The Eopégtgphy of'?ﬁ?”told Lake area varies from 535 to
650 meters aboje sea level (Figure 7). The surfaqe deposits
consist of muskeg, glacial till, and morainal material
(Figure 8) which range in thickness from 25 to 150 meters |
Andriachek and Fenton{ 1983). A geomorphological-
characteristic of the stﬁdy area is a number of buried
valleys which cut through. the UpﬁZr Cretaceous .saﬁds and
shales. Figﬁre—Q illustrateé'these‘valleys , using data frpm
Figures 7 and 8-. The grid of data points was smoothed with
a simple digital filter, and compared tovthe bedrock map by
Gold (in prep.). Thig Cretaceous erosional ‘Sutface is of

interest to this study because one hypothesis relates the

seismic microtremors as originating at this level, \iled

discussion of these features will be presented 1at?r
study. C | i

Heavy 0il Production 1is obta}ned from the Lower
éretacgjps'beds whiéh occur below the Base of Fish Scale
‘zone (?igure 10).. 0il production is obtained below the

-

Colony Member y(Figure 11), mainly from the Clearwater
Formation ofJ-zhe Upper Mannvi%le Group_which is of Albian
aée (100—1f6 m.y.). Some o0il and -gas also occurs in  two
units of the Grand Rapids formation above the Clearwater. ™.
0il also occurs in the McMurray Formation below the
Cléarwater (Figure 12) ( Strom and Dunbar, 1979). All these
horizons can be seen from the figures to have a gentle dip

'_{Q the southwest.
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‘There is only a small amount of ihformétioh from a few .
wells dr1l ed into Paleozoic sedlments (Flgure 13). Figure
14 shows that the Precambrian crystalline basement récks
'have been highly eroded so that this surface 1s a smooth
'plane with ho extfeme.varigtlons.v |
‘In " the figuree above, all the.informetion was obtained
from well 1nformat10n. The three- d1men51onal plots obtained
from wells represent the horlens "shown in Table 5. |
As ;entloned above, ‘the twe zones of partlcular
interest in this study are the Lower Creteceous Period, and

-

the'period involving the glacial and preglacial history.

1.5.1 Lower Cretaceeﬁs'

* In most of Western Canada's .sediﬁentary besin, 'Loﬁer
Cretaceous ‘rocks are thick in the Feothills area and thin
out to the east. These rocks have been divided "into three
units; the Lower fﬁannv1lle, ‘the Upper Mannv1lle, and the
Lower Coiorado. : «

The Lower Mannv1lle is a basal fill dep051t and is the
firSt'sed1mentat1on after a long per1od of . eros;op. These
- rocks are dominantly non-marine in aorigin. The_topographlc
setting of the Early Cretaceous‘ time was similar to the
Arctic MaeKenzie delta, with uplifted mountains ranges in
the Cordillera to the"west, but the present daye Rocky
Mountains had not yet been formed. ‘ o

The Lower Mannville deposits were a product of erosion

of the Cordillera, and continental deposition towards the
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ERA OR PERIOD GROUP  FORMATION OR MARKER

R:cent f o :-—- , Topography
~ Tertiary ' — Paskapoo
‘Up. Cretaceous Post Wapiti
. m  Colorado  Second White
| | ‘ Speckled Shale
- L. Cretaceous  Colorado Base Fish Scales
| U. Mannville  Top of Colony Mem.

~ Clearwater
L. Mannville Top of .M\cMurray
Paleozoic =~ ———— N
- Prec;qmbrian  m——— ————

*

Table 5uuu. Geological Horizons used for the analysis of
microseismicity in Cold Lake area.
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east. The McMurray formation is within this group. At the
end of Lower Mannville time, a brief marine invasion from

the nq;ﬁh appears to have panetrated as far south as central

_‘ Alberta ( Gold, in prep.).

The Upper Mannville repreéents marine transgression., In
uééneral, in the gsutﬂ-central Plains 'ghese beds are
non-marine, becoming more marine to the north-east and
entirely marine‘ in the northern Plains and ?Bothills. The
Upper Maaniiie were non—maﬁiue, consisting of grey shales,
Si1tst6nes, agrillaceous séndstones.and a few coal beds. The

..thickness is about 140 m around the Cold Lake area.

The Clearwater formation cohsisfs of shales, siltétones
and sandstones,..occasionally glauconitic, and is considered
.to be of mixed marine and non-marine origin. The'WabiskaQ
member ﬁear its base is w;ll-sorted glauconitic sandstone,
mainiy v“marine in origin. The ,Grand Rapids formation,

overlying the Clearwater formation has a  higher sandstone

content than the Clearwater. Both the Clearwater and Grand. -

. & .
Rapids are mainly deltaic deposits with periods of marine

traﬁsgression. A .

The Lowe;TCoLerado unit repreééntS..a time o%‘{bégéne
deposition  over éll the Western Canada Basin exceﬁé}éﬁ‘the
extréhe soufﬁe}n Fopthills. This unit lies at the top of the
-Lower Cretaceous and contains: the Joli-Fou and Yiking
Férmations of marine origin; The Joli—Fqu is dark grey shale
qpverljing Upper Mannville. Thé Vikihg is %ainly sandstone,

fine-grained| and 'shaly to the east.-and - northeast until it
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' becomes silty shale. In general, Lower Colorado sandstones
thin to the -east, indicating Cordilleran -uplift'as the

sediment source. -

1.5.2 Upper Cfetaceous,'

. The Upper Cretaceous ;bcks throughout thé~ plains show
uninterrupted depoéition, consisting'of marine shales at the
base“ to continental sandstone at ‘the g%p. They are
sublivided into two units: the "Upper Colorado Group" and
the "Post-Colorado Supergroup”.

The Upper Colorado Group is undivided in most of the
Cold Lake area. Its base is the "Base of Fish Scales”
marker, and it includes two other markers called the "Second
White Specks" and the "First White Spécks". It consists of
uniform dark grey shf{;. In east-central Alberta this group
is repfesented by dark marine shale, originally called the
LaBiche Eormation. The .Upper Colorado Grodp is termipéted b

i

the First White Speckes marker bed.
‘thoughout the Plains. Sandstone 1is th& predominant rock, *
related to non-marine depositional conditions that occured
in the Western Canada sedimentary basin ét_ the time. The
lower part of the Léa Park formation within the group‘is
mainly light grey and  glauconitic shale with abundant
- ironstoné concretions. The upper part is dark grey
bentonitic shale;w%ﬂé Belly River formation'is made up of a

seqguence of marine and continental to marine deltaic

4
a4

v
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deposits. It forms the bédrock surfacé iﬁ central Alberta
and either’outcrops, or subcrops below the drift cover.

-The Bearpaw formation overlies the Belly River
formation and consistg of dark grey marine ghales. It has
been dated at approximately 75 miilion years. Finally there
is the Horseshoe Canyon Formation, é series of predominantly
non-marine beds of later Cretaceous age, marking the end of
“Cretaceoud deposition. This formation along with the Eastend

and "Whitemud formations, form the Edmonton Group in central

and southern Alberta.

1.5.3 tonic History
broad shallow sea covered the western Canadian Plains
begining of the Late Cretaceous period, ‘¢drinecting
the Afétic Ocean and the Gulf of México, with a western
margin confined by the western Cordillera. Dark grey
Colorado Gfoup shales were déposited at this time. Uplifzpto
the northwest and erosion..and transportation in the
southeast deposited %héﬂw;puﬁvegan deltal complex in
northwesterm\_Alberta while shale was stiil being deposited
to the southeast ( Gold, iﬁ prep.).
'Majof tectonism in the Cordillera afterwards produced
erosion, t;ansportaé&%n to the east and deposition of
Pclastics as delta complexes. At the begining the Milk River
sandstone in southwestérn Alberta was deposited, ~marine
transgression took place ipd again a majdfwf;gression from

~deposition of the”Belly River delta occured due to uplift of
. Ly

. I3
9



the Cordillera.

As the tectonic activity continued in the Cordillera
the St. Mary River, Edmonton .and Wapiti sandstones were
deposiied, filling the jntérior sea and forcing it to
withdfaw to the southeast ’at the end of the Cretaceous
‘pergod. \ °

Cohtinental deposition continued into Tertiary Period,
being responsiblé for the Paskapoo Formation adjacent to

Foothills and the Ravenscrag Formation in Saskatchewan. In

*brene epoch, major uplift and deformation ook place,
for;g;'u e Rocky Mountains during the Laramide Orogeny. ﬂAs
b he Interior Plains were uplifted and differentialy
I warped in pléces. Then a period of erosion aﬁd minor crustal
movement continued during this period. Only a few deposiaip
from this epoch remain in Alberta, possibly due to Oligocenéﬁi
uplift that caused their removal. g
At the present time, there is no indication that_ any
tectonic activity still takes‘place in the Cold Lake area.
. |
1.5.4 Bedrock Topography and Buried Valleys
Figure 9 in Section 1.5 indicates that we know a great
deal about the upper surface of the Cretaceous deposits from
hany logged boreholes. These deposits con;ist basically of
the Lea Park and the Belly River Formations. The Lea Park
shale subcrops throughout most of the area, and the Belly
River sandstone overlies in higher gfound‘in the éouthwest

~

part of the Cold Lake area. =« ' !
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‘\Ln Flgure 9 the- hlghest topographlc points are between .
approximately 625 to 650 m , dissected by‘ several valleys
that .are products of 'subaerial lerosicn, e1ther ‘during -
preglac1al or glacial time. The data. for exam1nat1on of th1s
bedrock surface was, obtalned from magy wells d?1lled in the
area by Alberta Env1ronmenf Alberta ReseardP -Counc1l the
doll Industry for structural and geologlcal mapplng and oil

and gas éxploratlon, and by water well drillers for domestic

~-and 1ndustr1al vater supply. C f@

SubSequent glac1al act1v1ty in the area has fllled mﬁbe'
earller valleys as can be’ seen by the drlft thickness shown
Jin- Flgure 8.. The me{Eanlsmsf for ‘rhe creat1on% of these
‘valleys were examlned by Gold (in prep, ) in detail. |

In Table ‘6 we can see the width, depth and gradlent of
each ‘channeI‘ in the area,.as 1nd1cated by Gold (in prep.). - ‘/
These results are Eopograghlcally dependent and hence only
represent average values. The maln%valleys, Hel1na, Beverly,l
Imperlal M;lls and K1k1no, have typlcal preglac1a1 Empresz

#

ember One sands and gravel at thelr base derlved from the“;;

'Vmounta1ns or local bedrock o ' ¥

o

On..tbe b551s of Tertiary fill and channel morphology,;g,
Gold (in prep ) . seperated @ the ) valleys : /

, ) ) . ; . R ‘ _.':f:
categor;es' ’The - first  group are '%yde,‘ low gradient-

lac1a1 valleys w1th gently sloplng walls 4fThis lncludes "

~‘Hel na Valley of -interest to this study The second.gro

, 4

‘consists” ‘of narrower,j low-t rkedfﬁm gradlent- preglac1al ,é

valleys with steeper walls. This includes the ‘Beverlﬁv“

. 2t 7
= de ”
N
£ d A
. R4




{
~ Bedrock Valley Dimensions
Width(km)  Thickness(m) Gradient(m/km)
Helina = 8-12 35—-36 - 4
.- Beverly - 5-8 45—60 .6
Imperial M. 157 60 8
. _Kikino = 3-8 30—45 5
~ "Bronson L. 1.5-3 30—-43 1.3.
 Vegreville 2.5-6 - 30 1.3
~ Vermilion 3-5 .35 “ 1.7
Sinclair ' 8-10 - 40-70 2.3
St. Paul *  1-15 25 2.9
* _ Holyoke 1-2 15-20
 Big Meadow 1-1.5  14-23 \
- w3

- Table 6.... Bedrock Valley Dimensions ( after Goiq,bin

prep.).

ot . | 3
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*“““Valley“ ;.?he " third |, category consists -\of‘.v narrow,
. med1um to h1gh gradlent valleys without preglacial deposits
_that appear to be of entlrely glacial orlgln.
Based{ on these categor1es one may discuss briefly~the'
lpreglacial‘aistory-ef the area anda its relation to the
channel  configuration. As mentioaed, the breglacial
channels, aeflned on the basis of the bedrbck topography and
Tertiary deposition, dellneate a dra1nage system which could
" be related‘glrectly_to this’ study.
Figure 15 shows the drainage ststem and it is

reasbnaple to expect that preglacial topographyA could have

[

shown the  results of multlple‘\stages of drainage and
doyncutting, 1nfluenced by the varlous orogenic activities
that took place 1n the Tertlary perlod ‘Mentioén is made only

of the characterlstlcs of»the Helina and Beverly Valleys v

~

oyl

"which are though; to bebrelated to this study. :
The Helina valley' appears to be part = of -
_southeas¥’trend1ng collecto& system and probably carried the'
ancestral Athabasca ‘and Peace Rivers. Also, within thé area
ofﬁ;interest Zthe“Helina Valley is approximatelly 15 km wide,

xgl w1th geﬁtly slopp1ng valley walls. The Beverly Valley forms

__a_-part of“thar.reglqnali Tertiary radial feeder system. It =~
%;”vagﬁses%gsiéwteﬁsive upstream networks'tb -~ the southwest .of
i tﬁe area..Thisvextensiye’upstream system as consider d.tolbe'
the*ahcestral North Saskatchewan' River. Both valleys are .

S

important water collectors in the area and a number of
7. . ) . :

aqu1fers have been dr1lled to the1r surface . in order to
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Figure 15.... Bedrock Valleys and the Drainage system of the
Northern Great Planes. Modified from Gold (in prep.). .
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obtain .water for the area. Thefwater withdraval and the

changes of pore pressure at that:.level will be Cconsidered
later in this thesis.,
1.6 HEAVY OIL RECOVERY

t

The term "Heavy 011" denotes crude o11 hav1ng an API
‘gravity of 25°, or less,. ( a standard used to indentify the
specific> grav1ty of 011 ), and viscosity up to several
thousand cent1p01ses. This partlcular type bof_ bil is _not
Hvery moblle' at reserv01r condltlons."Enormous heavy oil
resources’occur 1n Canada, Venezuela, and the Unlted States.

Tin Canada, the pganIpal heavy 011 dep051ts from which
produet16n is obtained are. located at Lloydmlnster, Chauv1n,
“and 'Nalnwrlght, of approxlmatelly 12 billion barrels of
prod&éélon capablllty. In Cold Lake heavy 011 deposits total
about 165 billion bar;els.,The v1sc051ty of the Cold Lake

a-‘»*

"crude varles from 50, 000 ‘to 100, 000 caat1p01se. In Northern_

N

\}ibz;yé are the Athabasca, Wabasca, Peace River, and Buffalo
Hills o0il sand dep051ts, totalling 730 billion .barrels

( Faroug A., 1982)

! , _ "~
Based~ on certain reservoir parameters ' Heavy 0il
'depo its have been classified into three categories: .

v

\ )

Categony 1.
Thls type of heavy oil has FOCk and flurd paﬁameters

“most desirable for thermal r'ecover-'y oper'atlons.
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These p;nameters according to Farouq All [1982), are
1) sandstone 'Peséryoirs at depths of 3000 feet or
less, 2) oil-saturated, sands having net thickness of
10 feet or”gheater, 3) stock tankloll saturat ions of

1750 barrels per“acré-ft.or greater, and 4) stcoslty

of reservoir oil-sufficlent for ol to be mobile. in
its present state. |

Category 2. ' | |
This fnéludes, heavy oil containédl in reservoirs
having some of the above basiCAparameter.

Category 3. o _ | |

. This applies to heévy ofl reservoirs having only few

of the necessary parameters.

In order tb récovgr heavy oil thermél méthods must be
employed. Aﬁy'succéssful :ecovéry téchnique must involve a
reduction in ' the viscdsity of the crgae in order>that_its
m>bility may be increased. A wide variety of ﬁhermal meﬁhbds
has been 4used.‘in Hea?y Oil :esefvoirs,_Basically; these

"include the use of hot fluid or uhderground combustion. Some

of the methods are:( Farouqg Ali, 1982)

 Cyclic steam stimulation
Steam FIOoding'
" Forward in situ combustion

~

Reverse combustion
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Wellbore heating
Conduct ion heat Ipg

Due to the fact that Cyclic Steam stimulation i;/?ne of

the major strategies used for Heavy Oil ' recovery in Cold
Lake area, a ‘detailed‘ analys{;_‘of the technique will be
introduced here. ‘ |
1.6.1 Cyclie Steam Stimulation | !
o One of the most widely used methods for“ il recovery is
cyclic stelm stlmulation. ycliﬁ steamlng :as\flrst applled
in 1957, by Shell 0il Company in Venezuela.‘ This _technique 3
has great ad;antages atch as quick payout, flexibility of
operatlon, and'appllcablllty in very viscous oil formations.
However,‘ large quant1t1es of o0il remaln unrecovered even’
after many steam 1nject10n cycles. The percentage ‘varlatlon
ef‘ oil recovery. using this method goes from 10% to about
40%. | '

The basic mechanisms of this method are:

Steam is ﬁnjec&edginia well for several weeks at the higheat
'possible‘tate to reduce heat. losses. The reason for the need
of high injection rates is the‘minimizatibn'of heat ulbssea.
‘Then the injected steam .heats the rocks and the flaids
aroﬁnd the‘ wellhore., Due te gravity segregation, steam
~changes permiability and viscocity and the fluidffingers

‘into the formation.
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When the desired volume of steam has been injected,
usually the. well is sbﬂt‘for about 2 weeks in a sd'éalled_.
"soak" perlod Esso wells do not have a 'soak period‘ since
the advantages‘ of soaking are questionable due to the_?%w
thermal diffusivity Oftoil sand, ( McDougall, 1,87)5 This
causes partial condensatién‘ of steam, which ;é?turn heat#®
the rock and thevfluids,’and‘achieves even distribution of
injected heat. As t1me progresses after steam injection and
‘the soak period, the orlg1nal v1sc051ty of the re;erv01r may
-be lowered by a few hundred cent1p01se within the steam
‘zoﬁe. At this point Fhermal.'expanSion of oilH and water
occurs. _ |
Before the well iS'pléceé intouproduction, the heéted
sand contains highly mobile oil, steam and water. Due to
lowerlng of the face pressure of the sand " by .proddction,
sevézglu dr1v1ng . forces help in exgélling the oil and other
‘flu1ds into the wellbore, where it is pumped off. |
The well _prbduces for an extended period of‘tiﬁe at a
rate many t{;és highe: than the cold_broduction rate. Due to
heat  losSes the steam heated sand _cools‘ down as.time
advances, yhiCh results in reducfion of oil production, Then
the whole d§cle is repeated again, injecting steam, soaking
the well, ' and _producing again. Figure 16 ‘shows ;uch
stimulation steps for bniy 3wc§cle§. Thé.number of cycleé in

~ some cases has reach abiﬂrfjs to 20 times. The process is

' called the "huff ahd puff" method.
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1
1.6.2 'Heavy 0il Recovefy in Cold Lake .
' Heavy Oil Recovery and industrial activity in the Cold

. Lake area was initiated in the earIy seventies. One of the
major early plants in the area operated by Esso Resources
Ltd. is Lemi;g,Pilot Plant.

The Leming Plant originally began ;peration in 1975 as

%an experimental pilot designed priharlf to investigate steam
stimulation in a tyﬁéﬂuzf feservoir being considered for -
commercial deveiopmeht.‘ Experimental operations have since
branched 6ut " to cover a wide range . of reéovery

" configuratﬁons. ‘Some of these include-hot water and steam
bank flooés, chemical injection, a horizontal well, varying
well ca;ings and completions. Also, investigations in
reservoirgfracturiﬁg, steam presshre and quality, 'optimum

ﬁhahdlihg " of well-to-well pfessure résponse, infiil Qell

E operation, and well casing faiiure“mechanisms and prevention

have been carried ouﬁi

Steam stimulation is a very importaﬁﬁ ‘aspegt of oil
recovery in Cold Lake. Operating strategies by. Essé

Resources ihélude the development of well pads, each one

containing several welié. Other stfategies, not now used by

Esso, of recovery have been applied in the area such as

sequeﬁtial row steaming, which Teduces the time of the

"soak" period of production wells, using a mai%£7steaming

Awell. ‘for injection.' This method has.. been tested but '

communication problems between wells are present.
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, Until the end of 1585, there were 28 wellpads in the
Leming Pilot Piant. The older pads surround the area of the
Plant and as indussrial activity increased, new pads were,
developed with a notth—western trend, covering an area of
the well and pad locations as shown in Figure 17. .

Most® of the wells in the plant are drilled to the
Clearwater formation, where most of the oil 1is present,
There are several wells ' used. for‘ waste -wiafr disposal
purposes which are dfilled to the top of the Cambrian.

-~ -

Detailed analysis of the operation of these pads has

~i

.been obtained from Esso Resources but some of ~_the material
is confldentlal and it w1l%/ not( be presented here. Oll
production and steam injection|volumes have been included in
this material as they argMStq be used for interpretation
purposes.'Relativé steam\injei;ion rates, steam injection,

and oil productibﬁ.volumes are Shqwn_in Figure 18, Figure 19

and Figure 20.



O

Page 51 has been removed due to poor print quality of the

information.

Figure 17: Cold Lake LemingePilot Pad & Wel

ations.
£

Modified from Esso Resources Canal 1985
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2.1 "DATA. PROCESSING .

Data\ proces'f",hand interpretationais carried out in
»theiCold Lake Sei gt Data Centre in the PhySics Department
of the Un1versity of Alberta.‘The operatlons of the Center
are superv1sed by Charles McCloughan and directed by E. RS
Kanasewlch»from the University of Alberta.~Dru1d Electronics
‘provides the maintenance under contract' to Earth vsciencesf
Division ‘of thedelberta- Evironment. Superv;sion for the
ent1re Cold. Lake selsm1c1ty project is under Dr. D. Bingham
from ‘the Earth Sc1ences Division. | |

- Tapes and analog recordings are .received in _the “data
. _

center twice a week\from the field operations. Any impulsive

.events ‘common to three or more stations are indentified. by

Carole Holt from Alberta ‘Environmeﬁt.‘on the Helicorder

records. A histogram of'daily event tranfers is shown Ain
Figure 21. The  number ~of events tranSEerred.increased as
array performance improved and as mdrg ’efficient ‘software;
'for data tranfer became avallable. o

L All the events 1dent1f1ed are transferred using the TI
900_ system 'from the "F1eld Tape" to a "First Scratch Tape"
using a software package prov1ded by Dru1d Electronlcs. A
custom program transfers the compressed data from the "First
Scratch Tape" tto a "Second Scratch ‘Tape""ink an - IBM B
\}ompatlble format from which writing anomalles ( 0 and 1d

length blocksi are erlmlnated The Output :of the3rSecond‘<
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_‘Center on

v

_.The bheadeﬁ

1Scratch Tape '."still r adabfe at. either 'the‘rcold. Légé
the TI 990 or\in the Universityhcomputind Center .
on the Ahdah1‘5680 system..The fieid tape stores dataf-in
frahes . that’ .contaln 90 milliseconds of selsmlc 1nformatloﬁ

per frame. Since- ELEH is sampled 15 times per frame and the

_‘WWVB rtlme\,qode\ (. channel 11)"1s only sampled once, the

following channel order is used in each framei"
| N

1,2,3,4,5,6,7,8,9,10,11,1,1 | S

R 1,..2,3;4‘,_5,6,7,8,9:,_1‘0, 1,1

$1,2,3,4,5,6,7,8,9,10, 1,7

'1 ,2,3,4,5, 6 7 8,9, 1,1

1,2,3,4,5,6,7,8,9,10, 1,1 »

i o ¢

‘<Depending oh.the degree of compression, 10 biocks ~of
data will hormally’ contain - 50 to 70-secohds of . real time
information. .Desired portlons _of the_ Fleld Tape are
tranferred in 10 block unitg to the Scratoh Tapes. Typlcally
10 to 100 blocks are saved from each selsmlc ‘event.

A "Study Tape" - with dawa in a more hstahdardk
uncompressed forﬁat is created at” the Univer51 y of bAlberta;'
Computlng Esnter u51ng a program wr1tten by C. McCloughan.'

,.ogﬁ each ‘block conta1n5‘f30 1*2 words wiqh

informatiéh on rthe year, day, hour, minute, secohd andk
m1lllsecond of the block start It also contalns the’ number-

of complete' fggg@s data in the hlock @nd 22 words for -

L
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o)
.information on channel gains, etc. The data themselves are

contalned in units of a fifth of a. frame w1th 51gnals 1 to '

13 represent1ng the fo;low1ng f1e1d.sensors.

1;3LEH 2=ELEH 3=ELEH
4=ELEZ S5=ELEN 6=ELEW -
7=ELE 8=LPE 9=BLE
10=LLE 11=MLE 12=HLE |

13=WWVB

Each block contains 77 frames so that there are 30 +
(5x13%77) = 5035 words or 10070 bytes perK1blogk.j UnGsed
loéations:xat\ the end' of blocks 'contaiﬁing less than 77
framee are padded with zeroé. Several plbtting formats are
used for d1splay1ng the digital data. {”; - o
The location and name of the stations . énd senﬁors —are
f&? indicated by a three- or four letter codeflnﬁaccordance with

1ntennatlona1 se1 smic conventlon. The first two letters gis
qnx abbrev1at10n 'fot;’é local 'féature such’ as a lake, The
thlrd letter is always E and 1nd1cates that is an AlBerta‘
'Envzronment station.s  The fourth letter, if. present,
ihaiﬁates tHe‘direction (z2,W,N) of the sensors as vertical
f+=UP), north-south, or east*west,V;espectively,‘or‘it is H,
indicating a high'sampling#rate; On a graphic display the
jpositive* or _upward direction isAeithef no;fﬁ’or'east. The

trace labeled WWVB is the time signal, —which contains the

L\ o, o — .
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: . 11 . ’ '
day, hour, minute, and second in a digital code. Our

graphics isplay shows a 10-sec marker beloﬁ the‘WWVEh‘

T “ﬁ,
Y,
»

"51gnal The block start time for the field data is shobn ‘;,
'the top of the graph and a graph is always plotted for thé&

" time, Figure 22 shows a graph1ca1 dlsplay of an event. \‘,~

e
» .u' -

2.2 -EVENT DETECTION - CATEGORIZATION 5 )

In most mlcroearthquake networks, event detection is a
procedure for recordlng the approximate time of occurrence
of a microearthqoake within the network, recognize it aﬁd
‘separate it xfrom " other events such as teleéeisms,_sonic‘
‘booms, and explosioné; ‘Some  laboratories use either
‘automated, ‘seﬁiautomated or visual, methods for‘detécting
'such events on Seismograms. In the Cold Lake microseiamic
network ,ylsual methods are used for event detectlon. Paper
selsmoorams from -hellcorders are exam1ned io order to
separate the- events, and in turn, to be stored'on magnetlc
tape,ﬁw1th the correct time ¢ode for further analysis. |

Separatlon of different events recorded by the Cold
Lake array isvbased upon frequency, ampl1tude and signal
duration‘ Qariations. The cla551f1catlon of the events which
have being detected by this array ‘has - been separated into

 four categorles- :

T’ype “A" events (Figure 23) are local earth tremors

,w:% EQICGU
A @

ithin 15km from the center of th_e“




, TYPE A
"YERR - DAY HOUR MIN  SEC MSEC . i : . :
1983 U1 21 33 23 us? : .
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F1gur’w» |
Array “and plotted versus WWVB time. Also £
numbegs as. well as. the ‘date are shown )
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TYPE A
YEAR DAY HOUR MIN  SEC MSEC
1983 2 20 56 8 138

Figure 23.... Type "A" event recorded by the Cold Lake
~Seismic Array. Note the strong Surface Wave present and
< short duration of oscillation. N : -
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§ . .
array. These events range from magnitude —2.0‘€o

+1.5. They are characterized by a strong surface.
wave, emergent P waves, and high frequency content
short duration of oscillations; |
Tybé '"B" events (Figure 24) are local Impulsive
earth tremors to the north of the array and some or
all of tHese may be due to chemical explosions by
tselsmlc cnews or the Canadian Forces on . the D.N. D.
Weapons Range near Burnt Lake, located north of the
study area. Their phase velocrty Is equal to the
_wspéed of sound (approx. 330 m/s) ;‘ |
Type "C"zevgggg_LEiguHe 25) are sonic arrivals due
to sqpersonic flights,'mafnly on_the weapons Paﬁge
area | phase‘ velocity appox. 330 m/s) a
Type "D'&. categor'y (Figu’r'e 26) ar*e teleseismic events
due to are earthquakes taking place in other parts
of the world. The appanent velocity of arnival is
“very hlgh ( more than 8km/s) and the spectrum seldom
- has enengy above 2Hz. - @g& '

This study will empha51ze the analy51s of the type "A"

events. The other types of éﬁ'nts will only be mentloned

i

't

briefly in this chapter. - - g@%
- ~ ‘ .‘ ég%
@ ‘

Z

g Al
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1984 B EVENT
YEAR DAY  HOUR MIN  SEC MSEC
1984 6 ' 5 58 § 826

7 BLE
26%

8 LLE

8 LPE
61

SEL
64

JAN'6 FILE 197 BLOCK 4 6 FALTERED 0.10 10.0

W

o o 2o

S -

Figurg 24.... Type. "B" event recorded by the Cold Lake
“selsmlc»Array. Possible explosion to the NW of the array.
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TYype . C
HOUA MIN  SEC MSEC
20 21 17 986

v JAN 1] ) FILE 328 BLOCK L IR
20 30 ug 5? 0. 10 20 0

Figure 25...., Type "C" event recorded by the Cold Lake
Seismic Array. It is a sonic arrival from aircraft flying.
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TYPE 0
YEAR DAY  HOUR HIN  SEC MSEC
1983 -17° f2 53 21 1306
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ﬁigure 26.... Type "gf;eveht recorded by the Cald Lake
. Seismic Array. This Is .an earthguake of magnitude 6.0 from
Greece on 17 January 1983.
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2.3 EVENT 'PROCESSING ‘ %m . ’
' m A e AW
Event processing is the method, used fog mea some

basic parameters from the recorded selsﬂxg tradés that

describe the seismic characteristics of the ground mot1on.

" Such parameters are known as phase data and are categorized

’

as:

1) Onset time and direction of motlon of the ggrst

P- arrlval ) |
© 2) The onset time for later arrivals, S- arrival |
wheré possible).
3) The maximum ampl itude and its associated period.
and . .
~4) The signal duration of the seismic event.
We need to have precise phase data in order to compute »
origin time, hypocenter, mégnitUde of the .earthquake and
élso obtain~ ‘the focal. medhanisms.um SeVerai . visual,

’

semiautomated, automated methods are usually employed for

'such processing. In this study in order to present-the data

in an appropriate form for pﬂase picking, revised methods of

display such as, direct plotting, filtering, taperingvand

7also an automatic method, have been employed.

2.3.1 Direct Plotting
One of the basic methods for preliminary examination of
;@‘ seismic event is a direct plot of such event over all its

.
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8 b “
.\-- . ¢ . . ) . ) , .
time ‘of oscillation as shown in Figure 27. Plotting is done

using a PLOTLIB routine from tbe,main frame system at the
& Univ;rsity of leerta after reading the/ari'propriate file
number, block number, date and'timeu‘from‘ a magnetic 'tape
where fhe type "A" events, are stﬁ;ed. In this‘manner an
unfiltered plot with no gain modification has been made of
the entire wave arrival for eagh "A"‘event. Usually this
procedure does not yield reliable graphs. for timing aﬁd
pﬂase/o indentification, because "the amplitude scale is
inappropriate for an analog display of the first bfeaks.

This is because the direct P arrivals are emerignt.

o Basically, using this type of plot one can measure the
total duration of oscillation for a pa;ticula; statidn to be
used for magnitdﬁe determination. This proceaure3 QiLl- be
‘aiscussedyLinhﬂseétion,‘2.4. Also, the graph allows one to

N ‘ 3 :
i choogse the appropriate block interval for aJ event

. 3
5

contéininé the necessary'phasé data td bejussg!for'further
prbcé;sing. | v
2.3.2 Spectral Analysis and Filtering " QOLM/

Y | Before abplffng any kind of filtering to-e time §e£i§s,
.%one shéuld obtain the amplitude spectrum of thé event. There
are §fvefal methods in ;xistence~ fér making spgdpral
estimates. In this: stuqy:a spectral estimate"will be‘hade
using a Daniel window. | A

*
'

The power spectrum of f(t) is given by,
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Figure 27.... Direct plot of an Ya" type "event as it is
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* : :
&

e



, | . 69

N .'pffwr = (N'/N) (1/2m%1) Z E(Q\J?F*foj)v

-~ where ” - _ ‘ ) - . "

N

ﬁsixrgwm in %ﬂ@e 28" (nmsewfand Flgure 291@(? - ‘bhase) . These

s

|

- is aboutATJO’ an appllcatlon of Qandpazszll enbng le;ﬁ go

great.' B : ,'lylt ";u' ; "}V fﬁﬁf

: 5%,¢rx" P W=0,1,....N/2
o o . | .

the sum goes over 3 from ~m to m ( m length of t1me w1ndow)

and F* is the, complex conjugate of F. A dlscrete Four1er \

transform is used to obtain F(w) for the time serles f(t)

. o v«
as: . o : o

i .‘ | 2/ %g; . .r;&,
F(ﬁl Z f(t)exp( 2w1WT/N)

»
oy

nhere N is the numBer'of sanples of data,.T=0;1,.:,N—1,,and

addltlonal zeroes T= N,....,N'—T are giVen‘.to make  N' a

i

power of 2, the summat1on goes from 0 to N'-1, j

Spectral estlmates calculated from station 'MLE are

¢

-

R
estimates ‘ave ‘been’ calculated using an algorlthm wrltten by
N T R ~
Mark Barter- nd Dr. E.R. Kanasewich, 4983, - N

r

AS 1ndlcated 1n~'Figure .29,‘ most of(’the energy is

concentrated i's bétween 1.0 to 8. 0 HZ, a frequency band

‘whlch can be ‘isolated . by f11ter1ng for.‘further ; data

w“- el

analysis: Since;'at some Statlons the“51gnal;
: ' : N

some - enhancement. waever, the spectral pattern for bgkh

toﬂnoise»ratlo[

| n01se and 51gnal is dlfferent so the ﬂﬁpnpvémeﬁ&g&sv usually'
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‘Figure 28.... Ampllﬂcde Spectrgmrof 10 sec’ n01se 51gnal
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In order to reduce noise lscvels in a' seismic signal
filtering application_vis necessar&.‘ A filter operator,
W=HW1y, 0000, Wy) when convolved with a series x(t) "~gives  an

output y(t):

yit) = w x x(t)

~ . S

‘ o
The characterlstl. of this fllter are ‘such. that 51gnals

w1th the de51red frequenc1es are passed thfduﬁh .and- the

rema1n1ng harmon1cs are reduced or rejected. In this study'ib

;"";‘ i~ ’ 1
routdne wrltten by Dav1d Ganley in 19%F is “applled to th

data*“&n, order to pegform the necesgary f1lter1ng Th

algprlthm uses!a reggrs1ve Butterworth band ~pass fllner. The
i

filter has 819H€ poles in th@@ﬁ plane and may be applrtd in

X

. “ ' p
. the %}rward and reverse d1rect1bn in .order ~to mhavé ﬁero :

b
v

Vﬁ o ‘&, :

U51ng this routine and pass-banGS'_appropjlate from
b

' phase shift. s

W

spectral : estlmates appllcatlon to raw. da glves

«

. satlsfactory results as can be seen in Flgure 30 and Flgure
,31 where\ band-pass' flltered ‘1gnals hef,,j.O—BtO Hz and
0.4-5. O‘Hz have /been obtalned respectively. ‘Alsé 'spectral‘
_'estlmates of these events 'show clearly the re?ectlon of the

unwanted frequenc1es.\

Gettlng '.the data ean ‘this - form and ch0051ng ap..'

&
\épproprlate w1ndbw, oqe can v1sually plck P- phase arrlvals

V ’

qu1te ea51ly Unless the 51gnyl is very weak. Flgure 32 shows

. ) . & " ~ , - o7 , *
. . L : . S . ¢ . >
' ' A



. il L

5. . ‘ . ) R . -
. T ST ) » : .
W e A e - -
e . . RN - AR » . .

73

1984 R7.EVENT 4, o
" YERR DAY  HOUR MIN SEC MSEC ' o : ) s
1984 22 20 35 48 . 1276 —— . R

.

JAN, 22 FILE44 BLOCK S - 13 FILTERED 1.00 8.0 ‘
R R R kL

a
7

Figure 30.... Band Pass filtered "A" type event between 1.0 |
‘and 8.0 Hz. A significant improvement in signal quality is.-
*8Vident. ."“ - . <. N ' ."d“ o ‘ T -
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’»Figure 31;.{. Band Pass flltered "A" tyﬁe'event betwéen 0. 4
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such hand picked arrivals for a particular event as well as

the observed arrival times for each station . and directions

'Another method used in thls study is to modify the data

of motion.

2.3, 3 Taperxng

Lo -

fby taper1ng the signal levels so as to view both large and 1{
N
) small atnphtude phases. _Some times ttt wave energy at. any 53{*
gw#’ stataon 1s a number of times larger than the  others. Thls&“W
N create; dlfflcultles in analog displays of the P-. arrlvalg&
Ry The method gradually tapers the h1gh amplltudes in order . to
get & scale~tratio which- allows a clear picture ef- fﬁgst
uarr1val. The algor1thm has been developed by C McCloughan :
. unger the dlrectlon of Dr. Kanasew1ch At flrst/}t 15?’
applied a de51red fllter b;nd then the operator instructs
where-‘to 'start taperlng 'and for how many points.'Thév
7t{? téper1ng functlon is a linear décreasé with time. The
lprogram ignores stétigns w1th small amplltude‘rat1os and
‘jﬁ_ ﬁly activates for the hkgher ones. Once tapering is done, a
' graphical Qlo; of the event is obtalned 1nd1qat1ng the scale
'ﬁactpf for amblitude redugfion. T?igurg 33 shows sqch. an
‘aPplication for a pa;t;CUIar eveht.’Théimethod can be*ﬁséd
to pick P- 'arrivéls aﬁ; a bagticular station ”wgre'rhigh -

L3

- amplitudes of latef phases occur.,

I!I‘ .
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to the right of the 51gnal

{
L ]



| | 78
i . Q
2.3.4 Automatic procegsing 9
5 JN.

Because automation of -data processing is attractive, in

. this study an algorithm was developed which does automatic

pﬁése picking, timing and first motion direct%on for sinéle
é@aces.' i‘ detailed aescription of this algorithm witp'
results is:presented in Chapterv3 of this thesis.

. L . -
2.4 DATA ANALYSIS B

,For the operation of a miéroearthquake 'afray it is
. & ‘ |

nece§sary to determine the basic parameters of the recorded

R}

1) .
events. Such parameters are origin time, hypocenter

10cation,~magnitude, foca ' ﬁism. In section 2.3 séveraL
«techniques where introduc‘seiémic data in- oi:dfar to ¢
- obtain arrivalﬁ%ﬁmes,”first'matiahs, amplitdd§§ anq peribag, .
-and signal dgrations.\Oncé these data  are -knowm %gngi’oég
proceed with furtPer analysis.'Some basic steps before any .
vanalysis are the knowledge of stat%on  locatfgn, which 1is
shown in T;Ble 4, a ;eaiiSéic velocity structura model that
characterizes ﬁhe area, and at legst fdur arrival times to

the stations. .

The veloqity structure of the area has been obtgined as
follows. A pair of test Shoté;weré qstonated,on the 14th of"
February 1984, to calibrate the velocity model dsgg' to
locate the Cold Lle events. The ééismogramsifor thisepair P
are shown in Fiqure 34 The charge size of B3 was 11 kg. and

our ‘est}mqte- of the local mégnitpde_ from recorded

,

seismogréﬁs is 0.0. Event B4 was from a total of 34 kg. of
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‘location. It is considered that the VQL'5

' i ’ | B
‘. ~ LT ey
N . ., i . RN
» T L S

charge in 3 shallow ( 20m) holes distributed dﬁifJ5§pie€aneeﬁ

of 50 m, Locatioh of the events using HYPO7 1

ithm ( Leé.
and Lahr, 1975) - was within 70 meters .§ dﬂ,eUi&eyed
e (BB function (
ion data, and
' "

the present

Table 7), obtained from sonic logs and reli N

the plane layered model are  adequateabor
configuration of the array.

In terms of arrzval time data in this study, we use P-
' TN

arrival times. Arr1va1 time data for .other phases is

difficult to obtain due to limited number of gtations making
correlation ambiguous. Using P- arrival times for locating
earthquakes -inside a network is not e very diffigult
problem,- The major draw-back, with_dur inability to obtain
later phase data, gis the limited confidence gn v.focal
mechanlsm solutidngw The magnitude of thgpyewént, following
Japanese experlence with earthquakes, isvsometimd% dbteined
from signal duration; this method has been used in our study
and }ill be presented later on this thesie. ; o .

In order- to obtain the necessary parameters, usage of a

dlgltal computer 1s necessary.,As has been mentioned abpve,

we -use the HYPO71 algpr1thm, %3 program WhICh calculates

hypocenter loca;:ons and focal mechaqlsm s solutions for a.

-

R

P

’lﬂ"‘”

,glven :zét;"~ of arrlval tlmes, velocity structure and

;? Y B

:directfgﬂSwﬁf“motaon Tﬁe methods §o£ locatlon ‘ﬁagnitude A

......

in detail here. - ' C / .

) v
[3 . B \



- CRUSTAL MODEL COLD LAKE

P-VELOCITY  DEPTH
km/sec km
0.700 ~0.00
1.200 . 0.10
" 2100 . _ 0.18 -
2400 7 0.33
2.600 ~0.48
4.500 | - 0.85
'~ 5.800 1.20
8500  3.00. -
- ‘\ ’os -
. 5
Table 7. rustal model for Cold Lake a; determined by twg

test explo ions and verlflcatlon. with HYPO71
»

.



2 4. 1 Hypocenter determ1nat1on |
Upon the occurrence of an earthquake one can ohtainv a |

oy set of arrival t1mes for a part1cular array ‘Using tHis data

) /one\needs to f1nd the orlg1n time and hypocenter of . the

[ 4

_earthquake' ThlS prqcedure 1sﬁcalled the earthquake 1ocatlon

w r

problem..Hypocenter refers to the prOJectlon on ‘the .surface
~~of the earth dlrec&ly above the focus or eplcenter. In thlS
»i.s\udy we USGd an earthquake locatlon algorlthm HYDO71 ( hLee
and Lahr;'1975) whlch uses Gelger s method for obta1n1ng the
locatlon. A brlef ana1y51s on. the :basrc ylmé}ementatlonhzofh

the method is g1ven here. '“'?

The - earthguake locatlon. problem con51ders ‘a fourf

dlmen51onal space, the spatlal :coordlnates x,y z and the

_tlme,*r A vector in guch space is denoted as: }.hfii
;. , \ .'A‘w  N _q ; ,_-”f-wb'jj@'
xo=(x; m, oz, £ 20
",5 . o A ‘ ‘ , ) : » .‘> 4 ’

e In the case of'an earthquake event one has data*_consfsting{’

TN

'*3;5f arrlval t1mes; tk, from statlonsrlocated at (xgrfk,zyf,

] 'v‘

-.;whgre k~1 2,.a.m,;1s the humber.,1ndentrfy1ng theb stationf;l
’Lffhlnvolved ' | T e e
| :Ind order .'rfobtafn: a;ﬁlocatfon_ solutlon 'one 'mUSt .
Acalculate travel tlmes T ) on the ba51s of a model whlch

K3

;ffbest descrlbes the geophy51Cal characterlstlcs of thei area.

‘;frar' a trlal hypocenter at (x* y* z*) at a trlal orlgln tlme
t* the tr1a1 vector x* is. glven by kR L

R '\'



B o= Coxx, gk ok, bk ) Y : (2.2)

L -«

Then the theoretical arrival time t, of the model for x* to
) ‘ | I ' . ‘- *

the kth station is given by: 7 B

-

.k'= 1,onom\\

where T, (x*) ' is the theoret#cal travel time and t* is the

¢

trlal origin time. o . e

Then 3the'-re51dual travel t1me at the kth station, r,,

'between observed and theoretlcal travel qlmes IS'

R o - ) ’xr' . . s
. ) .- 7 R /,‘. 3 v
Ly o= Tk, 7 te (x*)
’

or | ' I ‘ S (204

?k = 7y - T (x*) - t*

»

k= ';;”"1“‘, e M

/' R |

.- The objectlve 4pf _the methOd.'is jtb ‘minimize’ .the

5re51duals £6r partlcular adjustments- of —x#*, in *the least

R <

tk(x*)v=\Tk(X*) +,t#\'* ‘v~f‘ S {2.3)

83 -

N

 'square sensé u51ng Gelger s (1912) method whiCh'applies7a'

/

- Gauss-— Newton 1terat1ve technlque for the solutibn of the .

/

: ad]ustmenp vector. The mathematlcal -steps - of.thefmethod‘

applied;&d a mlcroearthquake networks- are described in

:detall in Chapters 5 and 6 of Lee et al (1981) A summary(
expienatlon is g1ven here avo1d1ng detalls on - Generalized
Llnear Inver51on and solutlons of linear systems.

+

R



. - S . o e '._ N ' .. 84
The solution is obtainéﬁh-ite:atively by'adjustmehts

) . . ’ ‘ A . . . . . . . .
made to the bpatial “and time coordinates . wusing the

adjustment vector

~

5x = ( 6t, 6x, 8y, 8z )t . (2.5)

LI ) T ) -
" Then the Gauss-Newton method is applied to the set of,linea:
equations ’
e . ; . ) o '.“l-‘" e s )
. A'ASx = - A'r . ’ o ‘ (2.6)
> . . t‘ : . T o »
“In the above equation A fslthe'Jacobian matrix given by
L3 o o ,; . | .
. dr,/dt dr,/dx dr,/dy or,/dz .
. dr,/dt dr,/dx dr,/dy 8t,/8z
a | - (2.7)
‘5rm/at 3rm/0%x 3rn/dy 3rn/dz ' Y
~And when the partial derivatives are eveluated at x* the A
becomes . C -
1 97,/9x 9T,/dy 9T,/0z
1 aTz/ﬁx T, /0y 3T,/3z
:A= - ) - ¢ ' . . . } . ) (2.8)
'.. 5 : . ! : ) " . . » v '\’.1
] 1 3Tm/3X 3Tm/0y 3Tm/32 I T
i = . - S, -

Insefting (2.8) to (2.6) we can write the equation in matrix.

form as

o
.° .

G .6 (2.9)

where -



.

t..\ i. ‘. | a_.‘ SRR h S 8%

' - m Za. "Z.’bl. P IR B A ) ) J
- La, Za?, Zajb} Za,c; |
G = IR . (2.10)
Ib, Za,B, Ib*; Ibc, |
_ c.:Za]c. Zb,c, Zc? ]
b = (Zrk, Zakfk, Zb.k'rk, chkrk)‘ . (2.11)
in which the L goes from k =1,2,....m and
> . -
a, = a7, /ox N ’
cy = 8T, /dz o

.all evalg‘;éd at x* .

o _ | | .
. Then 351ng the. system of equat1ons 2.9 we solve the location
“ . . “a
problem following. the steps (Lee et al.,1981) R

l -——

1. Guess - a trial origin time tx and a trial-

hypocenter ( x%,y* z¥), ( usually taken to be at the

station wlth H! earllegt)tlme)

2. Compute the theoretlcal,travel time Tk;; and- its

spatial derlvatlves, aTk/Bx, 0T, /ay, aTk/az, at Xk,

from the- trlal hypocenter to the kth station., B
1:3. Compute thé matrlx G in equatlon (2 10) and the

vector p as glven in equatloﬂ (2.11) .

4, 301ve the,system of four linear equatioms given'
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»in equation 2. 97for'the adjustments 8x. .

o .»‘5 “An 1mproved origin time is then .given by T tx+dt

. and . by (xx* "4 6x yY% + 8y, zx + éz) and used as pew
trial hypobenter. |

6. Repeat stébs 2 to 5‘unti1’some,cutoff criteria

‘are met, and then the'sQ&ution for.thé lccatidn is .

set. . : P - v

As mentioned the above metugd is used in HYPOT1. ALl

the' hypocenters calculated for this study have been derived"

using this program. Table 8 shows the basic parameters

'ﬂnputed in the algopithm and Table 9 shows some results and

explanatibns on the output parameters.

—

A)

2.4.2 Magnitude Determination
EarthQUakebintenSity variations 'show' that ther‘&9 are
different‘ sizes of . earthquakes. Based oni the intensity
effects seismoloéistskthought'it necessary. tc introduce a
scaLe for rat;ng earthquakes in terms of their energy. C Fs
(Richter proposed a magnitude scale in 1935 based solely on.
epicentral distance and the amplitudes of ground motlon
recorded by selsmographs. This method 1s widely accepted andf
used in most researc;)appllcations of seismology The basic

relationship fcr-the local magnitude of an. earthquake in .

13

<)

‘terms of amplitude, observed at a station is given By
) : ‘ | . : {

M. = log 1__o> 'A ’—1.09‘10 ‘Ao (A)



St N . “' ¢ . .
EPICENTRAL DETERMINATION® (HYPOT1) -

< . . i
DATE (840106) - Year(1984) Month(01) Day(06)
* - ORIGIN (558 )2M64) prwg1n time (hr- m1n) (secoéds)

LAT N: Latitude in degrees and minutes of epicenter:

"~LONG W: Longitude in degrees and-minutes of?gpicenter.

L

DEPTH Depth in km of hypocgpter
DM Ep1central d1snancé 1n km to nearest station.

RMS: Root mean square errg; of t1me res1dua1 in seconds

ot

' .
ERH: Standard erron bf epicenter in Kkm. '

’

ERZ: Standard error of focal depth in Kmd
. Y

-

Q: .Solution quality (N.B.C,D:éxcéilent.goodggair,poor).

STN: Stations uéed in éﬁicentra1 determination.
DIST Dlstance from ep1center in Km..

AZM: Az1muthal angle between ep1center and statlon in degrees
"AIN. InC1dence angle measured from downward vep tical.
HRMN:;Hours and minutes of arrival time.
P-SEC: Second’é portion ?f P-érrjvé].‘ T

TPOBS: ObservedaP-frayeIAtime in seconds.

TPCAL: Calculated travel time in seconds.

P-RES: Residual of P-arrfival in seconds,.

P-WT:‘Weight used in hypocenter solution for P-arrival.

Table 8.... Descrlptlon of the parameters used for
eplcantral determlnatlon using HYPO71.
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A1 - JAN 01 %05 46 MAG.

1.3
Y e
DATE  ORIGIN  LAT N LONE W . DEPTH - MAG NO
840101 546 48.18 54-32.66°110-21.11. 0.00 1.3 5
TN DIST- AZM AIN, PRMK HRMN: P-SEC TPOBS TPCAL P-RES
ELE . .2.0°134 9 EPCO 546 49.40 1.22 -1.12 0.10
MLE 6.4 31 7 EPCO 546 50.00 1.82 2.20 -0.18
HLE 9.6 239 7 EPCO 546 50.35 2.17 2.557-0.39
LPE 9.9 329 7 EPCO 546 50.73 2.55 2.60 -0.05.
LLE 12.0 306 7 EPCO 546 51.79 3.61 2.96 0.65
. A4 JAN 11 21 06 MAG. 1.2
. paTE  ORIGIN  LAT N LONG'W  DEPTH  MAG NO
840111 21 6 53.79 54-33.62 110 21.57 0.00 1.2°5
STN  DIST AZM AIN PRMK HRMN P-SEC TPOBS TPCAL P-RES
ELE - 3.7 149 9 EPCO 21 654,77 0.98 1.50 -0.52
MLE 5.3 46 7 EPCO 21 655.60 1.81 1.81 0.01
LPE 8.1 326 7-EPCO 21 6 55.82 2.03 2.9 -0.26.
HLE 10.3 229 7 EPCO 21 6 57.09 3.30 2.66 0.64
BLE 19.4 312 6 EPCO 21 6 58.31 4.52 4.13 0.33
A7 UAN 22 20,35 MAG 1.5
DATE  ORIGIN = LAT N  LONG W DEPTH  MAG NO
840122 2035 0.89 54-30.10 110-14.61 0.00 (.55
STN DIST AZM AIN PRMK HRMN P-SEC TPOBS TRGAL™ P-RES
ELE 6.5 301 7 EPCO 2035 2.67 1.78 2.02 -0.24
MLE 10.9 340 7 EPCO 2035 3.51 2.62 2.77°-0.15
HLE 15.3 269 - 7 EPCO 2035 -4.31 3.42 3.53 -0.11
LPE 17.8 318 6 EPCO 2035 4.81 3.92 3.96 -0.04
LLE 20.4 305 - 6 EPCO 2035 6.,77. 5.88 4.35 1.53
A1z JAN 24 00 53 MAG. 1.2
DATE  ORIGIN  LAT N  LONG W  DEPTH ~ MAG NO
.840124 053 55.22 54-36.33 110 18.14 0.00 = 1.2 5
T GTN DIST AZM AIN PRMK ‘HRMN P-SEC TPQOBS TPCAL p-RES
MLE - .1.3 175 9 EPCO" 053 56.75 1.53 0.98 055
ELE 8.4 192 7 EPCO 053 57.00 1.78 2.33 -0.53
LPE 8.4 282 7 EPCO. 053 57.72 2.50 2.35 0.15
CLE 12.9 271 7 EPCO 053 57.60 2.38 3.11 -0.73
HLE 16.4 224 7 EPCO 053 59.41 4.19 3.72 0.47,

OM GAPND RMS
2 106 0.32
P-Wl

1.20
1.07

,0.96. )

1.00
0.77

N

DM GAP

4 103 0,41

P-WT

1,12 \
1.14 .
1.05
0.92
0.77

DM_GAP-  RMS

-

P-WT
1.36
1.27
1.04
0.90
0.43

DM GAP . RMS

1 254 .0.52

P-WT —
.20
1.03
1.06
0.88
0.84

~Table 9.... Tr1al results of hypocenter dete:mlnatlon
produced from HYPO71.

¥

RMS

7 288 0.47 -

88
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‘ ) . . . . . -

where A is :tﬁe maximum amplitude  in millimeters' by a

. : ) SN, .
seismogram at epicentral distance A km, and Ao(A4) is the
- maximum amplitude at A km for a standard earthquake.

©t o In ghe case ‘@ nearby .'eventp recordeéﬂ by a

b

. o ) Y . .
qicroeartﬁquake'array t amplitude 1is too dependent on

-

ssary.

local geological variagtions so.another method“és,ﬁ
. P . 0 R e RV
- i ‘ i nG

Many ideas where indroduced for such est ®.. Some

‘researchers ( Brune andiéllen; 1967, Bakun et al., 1978a,

‘Thatcher,  1973)° used\ithe max imum amplitude' of . ground
e

" displacement . but w
hY

LY

e unsuccessful in relating this
magnitude to the original Richter scale.
Bisztricsany (1958) = introduced the "idea of signal

duration instead of smaximum ampl(;ude for magnitude

\

estimations. He determined ‘the . relationship between

( e}rthquakes'with magnitudes 5 to 8. and duration - of * their

.

surface waves. Later on  Solov'ev (1965) applied this

°

técpnique using total- signal duration.  Other authors (
Tsumura, 1967, Lee et al., 1972, Crosson, 1972) used total

signal duratibn to make local magnitude ‘estimation formulas

_for- a particular miétoearthquake netwofk. If general, the.

duration magnitude for a given station is given by

My = a; + a;log1o7.+ a4 + a,h
.(Lée et al.,1981), where r is signal duration in seconds, A
is -epicentral distance in kilometers, h is focal depth in

kilometers, -and a,, az, as, as are empirical constants.

y
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Thése constants are determined by - correfating siénal

dufation~'w§th\ Richter magnitude~ for a - set of selected

éarthquakes. Also, it should be noted’that the definitioﬁ of
duration magnitude varies from author to author.

| In the Cold Laké microearthquak;' array an’ empirical
formula has been obtained based on signal duration and

amplitude response of the instruments. The relationship is

*

.-
¢ o |

. M, ,=‘+ BlogioT . ’
where A = -4.5 related to instrument résbonse‘and B.= 285

obtained empirically from teleseismic events and the two
trial~explosions used to test the {velocity structure

section 2.4). The signal duration is r in seconds.

\

-

Table 10 shows some magnitude calcu}ation§ for wvarious
‘events throughout the ;gudy period. Also, Figure 35 shows
§ﬁcroseism magnitudes piqtted over ‘périod of 5 years.  ‘As
can be seen the magnitude variftion for the Cold Lake"array
is from -2.0 to +1.5, emphasi{ﬁng the classification of the
‘events éslﬁicroearthqtakes.
2.4.3 1focal méchanisms - Fault plane solutions -
The . terms focal mechanism’and faul;-plane’solution are
synpnymbﬁs because the earthqgake‘ foqus, or source, 1is
usually assumed to be a pgint disslo&ation (fracture),
simulating a »fauit. The' movement of the‘ earfh"on the
oppbsite -sides of tﬁe fault plane is qonsidered to .be under

~ . .
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,// . EVENT DATE' ~ ORIGIN DURATION(sec.) MAGNITUDE
i {
) AD2 821225 21 6 0.78 108. 41 1.30
A101 B21226 1457 24 .41 61.58 0.60 -
A105 821226 1B25 6.04 61.58 0.60 -
- " A109 821228 550 32.34 72.38 0.80
‘ A110 821228 1111 27.22 100.00 1.20
A115 821228 1712 9.96 61.58 0.60
A116 821229 1822 34.7ds 85.08 1.2’
A4 '830102 2156 12.42 100.0p 1. 200
A8 830111 2133 27.61 - 92.24 . 1.10
. A12 830113 1528 2.89 Jo8. 41 130
. A16 830206 2149 31.18 417,54 1.40
A7 830207 035 8.26 117.54 1.40
A18 - 830322 2212 3.74 100 . 00 1.20
A19 830323 055 19.55 108. 41 1.30
A1 840101 546 48.52 108 .41 1-.30
A4 840111 21 6 53.76 100.00 1.20
A7 840122 2035 56..71 ° ,127.43 1.50
A2 840124 053 55.84 100.00 (.20
-~ A17 840616 336 '15.68 19.87 -0.80
A9 841101 21 4 21. 11 "' 29.76 -0.30
A20 841101 23 6 22.43 25.32 -0 59
A 850101 1054 6.92 37.93 0.0
A4 8850101 1926 16.04 117.54 1.40
AS 850102 810 57.97 108. 41 1.30
A7 850102 1526 56.96 61.58 0.60
A30 850116 233 15.27 78.48 0.90
A43 850608 1711 33.90 * 19.87 -0.80
. A44 850612 1132 37.88 14.38 -1.20
A4S 851203 1932 2.04 25,32 -0. 50
. A2 860103 152 17.35 72.38 . 0. 80
A3 860109 O 2 39.34 108 . 41 1.30
A7 860114 2138 14.28 74748 0.90
A9 860117 23 3 37.76 78.48 0.30
A 1S 861210 637 36.10 78.48 0.90

Table 10.... Local Magnitude estimates for "A" type‘events

recorded by the Cold Lake seismic array.

¥

*



L] hd “ \ . /

I " ﬁ ‘

Trzosr=zre2 =<2

Figure 35.....Local Magnitude of "A" type events for a
period starting in January 1982 to December 1986.
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the action of a couple, the members of which act on opposite
sides of the fault‘pIAne. As faulting takes place an elastia
‘wave field is radiated from the earthquake fQéusi

| For most microearthquake networks, focal mechanism
solutions are based on first motion of P-waves. Later phases
are difficult to identify because oniy thtical motfon i;
}ecorded. P-waves cén be seRarated by‘thefr first motidﬁ
into'a compression or 5 dilatation, The 'spage around ‘“the
focus is,‘divideé into four quadrants which receive init&al
compressions . and initial ’dilatationé (Figure 36). .The
orthogonal planés separating the Quarter spéces ére called
nodal planes; One is the fault plane and the other the
auxiliary‘ plane. S- wave first motions are required to
_resolve the ambiquity of which is the fault plane; |

Usually in focal mechanism studies' the focus is
modelled by point sources. A single form of combinea forces
is taken to represent the action at the focus. The.comhon
modgls are single couple and doublé. couple. The radiation
pattérns for- both P and S waves cor}gsponding to these
models are'illuétrqted in Figuré 37.

The axes that bisect tﬁe'quadrants of compressipal and
dilatationai initiél motion are axes of ﬁaximum tensile~ (T)
and maximum compreséive stresses(P). Basic examples of fault
orientation and the relation to these axes is  shown in
Figure 38. The»directions and the nodal planes are shown on
a stereographic projection on an eQual-area sphere. These

examples are u€ed to correlate - results for fault

I

. ~ ’: <
S - : -



fault plane
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dilatation compression

auxiliary plane

1

comprassion dilatation

Figure 36.... Focal Mechanisms of an garthquake: first
motion study. A small sphere is drawn around the focus of
the earthquake resulting to a movement along the segment
a-b. This results in compression and dilatation in opposite

guandrants.



_Figure 37.;..»Siﬂgle*gouple‘(pr) and double,couple fault éﬁ
 mechanisms, with their .radiation pattern of first motions
for P-' waves (b) and S- waves, (c). S ‘
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Fi§Ure 38.... Fault orientation in relation to principal

stress and strain axis. A. Normal fault, B. Thrust fault and

C. Strike-slip fault.( Modified from Park, 1983).° ’
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plane?solutions from first motion:data.
In order- to obtain focal mechanism solutions. from our
data we used. the initial ‘motion of P-waves. The-solution

3

consists of gatherihg“data concerning ‘the initial motion and

| plottlng - the . data. on an appropriate map and arawing

orthogonal planes which separate the compreseions from

dilatations. In order to draw thekplaneS'we'need'to trace

the observed-data on the focal sphere:(a‘hypotheticalg;Small‘

sphere enc1051ng ‘the focus ). ' ‘;5k;1 L

The p051t10n of a given” selsmlc statlon on thej‘ahfface

/

of the focal sphere is determlned by two angles

1s the a21muthal angle frOm the earthquake eplcentJ

 4nap B . a

given ‘station. B 1is the take off angle of the se;smlc rayqﬁ

from the hypocenter to the glven statlon. In the»case of the '

focal sphere a p01nt can be spec1f1ed by (R a, 6) where R is

the radlus,‘a the azimuthal: anglé and B the take off angle;

‘

In_ case where we use an equal area prOJectlon , as ] have

menti%ped above, these parameters are transformed into plane

. . . " . ) K] o
polar coordinates (r,6) by o S

Sy ‘
-~

r =,2R sin(8/2), 6 = a ‘-

Slnce R 1s 1mmater1al and the maxlmum value of r is taken as

unlty,‘Fhe equatlon is modlfled to

- ' r é‘/? sin(ﬁ/z),79,= a

L4
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( Lee et al, 1981, pp. 141-142).. This formula is used in
HYPO71 to plot first motion data on the lower hemisphere of
the focal sphere. Figure -39 and Figure 40 show qxémples of

focal mechanism solutions for two events at depths 150m and -

470m respectively.

b
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Figure 39.... Focal mechanism solution for an event at depth
150m. There is ambiquity with is the fault and auxiliary
planer As seen there is a dip of 40° NE with a stike 7° NW.
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Figure 40.... Focal mechanism solution for an event at depth
470m. It has a dip of 80° NW with a stike 32° NE.



3.1 INTRODUCTION

- an earthquake. .

‘ . v .
' 3. AUTOMATIC SEISMIC ANALYSIS ™

Computer technof%d& and introductioa of »agtificial
iatelligehce have already been applied ‘to seismic atudies
(Anderson.,1982,'Gaby‘and AniLgson 1983, Allen 1978, Stewart
1977, Stevenson 1976). " In ﬁaaf "microearthquake networks
automated aocroaches have been developed for data analysis.
Beoause most microearthquake &rrays- are de51gned.for precise

determination of hypocenters, it -is ' necessary o have - a

system that detects first P- arri&al times accurately. The
"¢ . .

: automatlc system myst Dbe capable of analyziné an event

loglcally discarding n01se spikes and also later phases in
‘ . - v .
One of the basic problems in this analysis is that the

waveforms recorded at each §tation in the array have been

‘observed to be d1551m11ar, Thls implies that the automatic

detect1on system should be designed to operate 1ndependently

.on singlg/station records before congidering the ensemole‘of

data from ~all statlons. A shott discussion will be giveo
here for the various methods used.,, S o

Most authors _oseA the concept of the characteristic
function in thelr de51gn Of algorlthms to detect first P-
atrIQal_ on a 51ngle trace. The 1ncom1ng s1gnal is usually
transformed into one or more time. sepies for P- arrival
detection, The traaformed series, in some cases, is the

characteristic function C(k), where k is-a time index.

101
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Various sﬁch functions have been used, Stewart et al.
»(1971) used the following -

Ci(k) = | Xp - Xuoy |, k=2,3... (3.1)
where X, is the amplitude of the incoming signal at t1me tk
and k is anl index for counting data 901nts. This type of
function works well if the incoming 51gnal contains
imﬁylsive Hiéb-frequehcy seismic waves.\\Along the.lsame

‘ J ) .
lines, Crampin and Fyfe (1974) used equation (3.1) calling
)

it a one sample ~mechanism, and also introduced four- and

eight- sample mechanism functions as

Colk) = | X = Xu-n |, k=5,6..01 (3.2)

Colk) = | R¢ - Xe.a |, k=9,10.. (3.3)

These functlons are then checked agalnst a threshold level ,‘
to see if any -one exceeds the level in which case an évent
is declared. In order to declare an event the condition is
that at least three channels should be triggered ‘within a

short time window. Then th p- arrival is taken as the time

3

of the first triggér -in the time window.

Allen (1978) introduced a characteristic function

«

.sensitive to amplitude variations and its first derivative.

C a——

He defined the modified signal amplitude as ”
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Ak = W1Ak-1 + (Xk = xk.t)' . (3.4)

~

. . ) \

. . \
where W, is a weighting constant and then the_characteristic

- 1
function is C ° B e ~

-

C(k) = Akz + Wz‘(xk -L'Xk_.1)" ) (3.5)

wﬁere W2 is also a weighting constant. fhen calculates
the éhort-term and the long-term average of €(k), a(k) and
B (k) respectively.'lf a(k)/g(k) exceeds 5 at time index k =
j*then an»eyent is declared to have occured at time t;. |
Anderson (1978) wused anofhér methd for calculating a ”
characteristic function. From the input* signal, X, _the

ek
ﬁﬁﬁwmbdified-amplitude is been obtained as

Y(k)= X¢ - Z, T . (3.6)

'whereiz(k) is the moving averége of the signal given by

’-

Cz(0 = (ne1)- I ()| ENER

for a particular time -window (sﬁmmation). This moving ~
average: ' is used as” the threshold criterion for arriQal
detection.

Numerous methods have"beenvapplied to seismic §ignéls
for autpmatic-'anélysis. Each one lfas its advantanges and‘

. drawbacks depending on ﬁhe'qhality of the recérding _site,'
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the instruments used and the signal level. The major benefit

from these methods is that it frees the analyst fromiedious

"

_type of automatic analysis method has being applieﬂf ; Coid

Lake seismic data.

3.2 AUTOPICK

AUTOPICK is a computer baseq analysis routine designed
for seismic signals ’from the Cold Lake array. The aim of
this computer based seismic recognifion.meéhod is to produce
accurate firét motion data from single seismic traces. A
- complete interactive FORTRAN program has been &éveloped to
éegfoﬁﬁ the desiréd steps. The‘aigérithm ( which we named
AUTOPICK) -has- been tested with real data and produced good
results. A

The steps in this automatic anélyéis are:

v

=

i) Detect arrivals on several statfons

i) Apply tests to reject false arrivals
iii)Determine first arrival time and other usefull
seiémic parameters. R
iv) Use results to locate earthquakes and to obtain

focal mechanism solutions.



The algorithm‘atﬁthis stage detects first arrival :imesx\%J
and check;‘ 1t —théy meet certain criteria. The results are
being compéred to hand pickedlones. It should be noted that
there is alwayg an amb{guity associated with first arrivals
of microtremors, especially due to noise contamination. The.
aigorithm haé been tested for events greater thanfM=1.0. It
-has geen also applied to évents with smalxéf magnitude.\

The basic picking algorithms due to Ailen 1978,
Anderson 1978, ahd Steﬁart 1977z' use characteristic
functions of the seisﬁic ‘trace Y(t), as has been gentioned
in section 3.1. I have followed Allen's(1978) approach with
some _ﬁbdifications,'and a different ‘characteristic functidn
for the seismic trace Y(i) where i=1,2..time index. Figure
41 shows <+the logic blocks (steps): the AUTOPICK routine
f?llows tor automatic ‘énalysis. The Original field data
(seismic signalf goes through a_filter; ﬁhen the autopick
" routine detects the ag?ivals and if the conditions are met
in the criteria routine if stores the results. Figure 42
sho;s the’original field data from station MLE and Figure 43
shows a band passed’ section of the first arrival from a
microseismic event whichnis used as Y(i). Define a modified
amplitude R(i) as:,

-

R‘ =C1 R|-1 +(Yi _Y|-1 ) \- (3-8)

(@]
|

= 0.2 (weighting constaqf) and R, = Y,

Figure 44 shows function R(i) from thefexample in Figure 42,




Figure 41.... } ' .
routine follows in order to perform automatic analysis,

RAUTOPICK.LOGIC

BLOCKS

SEISMIC
TRACE |

-

'

BANDPASS
FILTER

4

AUTOPICK

L4

ADV.
TIME

I

CRITERIA

P

STORE

RESULTS

N
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L

The logic steps ( blocks ) that the AUTOPICK
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1963 A4 I‘l_.E. v
NIN- 1 PTS - WIN WIDTH OOBIHZ 0T- 0.01800

0 w0 10000 S0 20000 25000 0000  SAGS8.8 008.9
: TIME MILLISECONDS -

Y '

.E‘r&xre 42.... MLE statlon raw field data before any analysis
frof the AUTOPICK has been done.
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Fiqure 43.... Band-pass filtered data from station MLE ready
to be processed by the automatic seismic recognition ‘
routine. -
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.

Calculate the first weightea diffq;enée

g

AR| = C, (Y| - Y, ) : ‘ ' (3.9)
C, = 0.02 and ARy = ¥y iy
- : : L -

Next compute the second weighted differeﬁ%e
AZ'R‘ = C3 (Y|.| - 2 Y| + Y|_1 )J (3.10)

0 ‘C, =°0.002 and A*R = Y, |
' Define the characteristic function F(i) as:\“
Fi = Ry3 + (AR;)? + (A’R;)? S (3.11)
o i

The short térm avéragé a; of F(i) is defined as;

ar-=a;.y *+ Cy (Fi - @iy ) o (3.12)

. Cu=0505_ and a, = 0.1

- ¢

’ the'iong term average—ﬁw'ofvthe characteristié function F(i)

: Vo € : ' _
is defined as, .
Bi = Bi.1 + Cs (Fi = By ) : (3-1§)
"§ C5=0.002 and f; = 0.1

o~
¢

.Define a reference level for the long term average,

{



b

through a’conditions ro

i =Ce By - o (3.14)

" Cg = 7.0 (threshold constant)

4 . ©

-
"

'Before process1ng the szgnal we apply bandpass flff‘rlng to

reduce noise that is out51de the frequency range of 1nterest'
and* also eliminate the dc-bias level. Figure 45 shows the

flow chart (steps) that_the AUTOPICK routine follows, before

.meetlng any cr1ter1a.

The algorltm checks if a- and B meet certalng’threshold
criteria to detect flrst 'arrlvals. This is based on.the
hypothes1s that sudden changes of the function a are»’more
sen51t1ve to 51gnal level variations such as P-arrival, The .

B function verifies that the p1ck is an arrival and .not

‘noise.

The threshold criteria vary depend1ng on the s1gnal to
noise ratlo. In our case if 2 7.0 and a> v then a pick is
fragged. ' : B | |

Plots .ofv a and 7 zFigure 46.and Figure;47) lndicate
sharp changes in.the first arrlval area. This change: occurs
at the first arrival time but ‘the algorlthm has also flagged‘
several wrong arrivals.

In order to avoid false arrivals the'programfgoes

tine. Figure 48 shows' the steps’

followed by the cr1ter1a routine. First when an arrlval is
£

tr1ggered by the the autoplck routine at t1me ty the program

checks if a > vy at that tlmevlndex. 1f the condition holds

. . N . A ~
the routine finds the first zero crossing of the signal. The

(
N
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SHORTTERM "¢y |
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REFERENCE | . - - =
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- LEVEL -~ | -

GO TO:
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- N

Figure 45.... Flow chart of the AUTOPICK routine steps.
These steps are done before the cperation goes through the
creteria routine. -
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Figure 46.... Short term average of the modified time series
used to detect first arrivals. The sharp change at the

~arrival point is evident. .
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Figure 48.... Logical steps followed by the Criterta
routine. If these condtions are met an.event is decleared
and stored. '
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time of this crossing is taken to be as the time of the
first crossing that least deviates from t\, the triggered
time.'Fiéur; 49 shows this operation graphicalxj' . R

“ Once one has the first zero crossing,’%ﬁe candidate for
first pr%iQal time, one checks for the maxiﬁum amplitude
criteria in that time interval. If the ampliﬁude falls
within’iﬁe g%yéﬁ dynamic range, it should be noted'thgf'this
criterioh varies from station to station in Cold Lake, then
the operation éontinbés. I1f the amplitude cbndition is
faise, then the operation advances a time Step k+1 énd goeg
throﬁgh the réference level estimation again.

The next step in the procesg'%ﬁ the estimation of the
time difference between the three consecutive zero créssings
startiﬁg at the first =zero <crossing boint. If the ;imé'&'
differénce At is less than 0.06 then the phase duration is |
‘considered to be correct, otherwise the program goes back ‘to
estiméte the nex . érigerring level; Upon va;ification of the
phase duraﬁion the maximum amplitude of the signal between
each zero crossing is checked t& meet cerfipin criteria.

if‘ all the above conditiohs’hqld, fiﬁally the dominant

- frequency of the time window choosen 1is checked. The

dominant frequency is defined as

DF = (1/2) x 3 x (1/T3-T1) . (3.15

where T1 1is .the time of the first zero crossing (first

arrival) and T3 is the time of the third -zero crossing
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Figure 49.... Graphical representation of the operation used
to choose the first zero crossing with respect to triggered
time position. ‘ : R
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starting at T1. If the dominant frequency is found go be
between 1 to 8 Hz then a true first arrival is flagged at
T1, o:herwise the algorithﬁ advances a time frame to check
the conditioﬁs again.

' At the end the algorithm checks the direction of the
fifs§ motion. This is obtained by checking the sign of the
maximum amplitudé value between the firs£ and‘ seéond iefo
cfossings. IE: the value 1is positive the first motion is
considered U (up) or + indicating compressions, and if
negétive is denotéd as D (down) or - indicating dilatations.

'Fipally,‘the first arfivai times for each ' station,
along with aireéﬁions of motion and dominant frequencies are

stored in a file to be used for further analysis.

3.3 APPLICATIONS OF AUTOPIFK

During'cémpletion and testing of ﬁhe algorithm on many
events several{‘broblems were obsérved such as misspicks in
events that were impossible to verify visually. No picking
was possible' on events with small magnitudes and for vé:y
noisy signal conditions. All algorithms must fail at some
low ,signal 1level. The overall performance of the algoriéth
was éatisfactory in those events with large enough magnitude
and adequate signal/noise ratio. - | | »

.Figure 50 and Figure 51 show somé results obtained from A
the AUTOPICK routine. Also Table 11 lists the results of

these applications. Comparison of results with hand picked

ones 1is listed in Table 12. We can see that there isn't any
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.584 R44 AUTOPICK RESULTS

YEARR DAY HOUR MIN SEC MSEC
1984 22 20 35 56 1207
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Figure 56.... Autop1ck results for an "A" type event that
occured ‘on January 22, 1984, The arrows indicate the
automatically obta1ned first break.
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1982 AY92 AUTOPICK RESULTS

(U YEAR DAY  HOUR MIN  8EC MSEC )
1982 358 21 S 57 488°

LS
s EvE
1024

DEC 25 FILESO07 BLOCK 10 12 FILTERED 0.4

~

d - e

Figure 51.... Autopick results for an "A" type event that
occured on December 25, 1982. The arrows indicate the
automatically obtained first break.



Table

Good estimates (top),

=

AUTOPICK RESULTYS POR 22/01/1984 EVENT

FIRSY BREAK AT 87 .8882
END OF PICKING REBULTS
ASOvE RliUﬁ;S FOR STATION:ELE

DOMINANT PREQUENCY [§: 3.0881K2
MAN AMP IS AT T, 67 3714 FIRST MOTION I8 “U®
FINST BAEAK AT: 87 . 2814
EN0 OF PICKING ARBULTS N
ABOVE RESULTSE PFOR STATJON: BLA N
OOMINANT FRAQUENCY I8: 2.1379M2
MAX AMP 18 AT T s|. 7408 #IAST MOTION IS D"
PINST WREAR AT: sl snos
gD OF PIEKING REBULTS
ABOVE AESULTS POA SYATION: LLUE
DOMINANT FREQUENCY 13 3.2000M2
MAX AMP I8 AT T 87 . 4089 FIRST MOTION 1S D"
FIRST SREAK AYV: 7. 3148
END OF PICKING RESULTS
ABOVE AABULTS POR STATION: LPR
DOMINANT PREQUENCY 15 8211202
MAK AMP I3 AT T:° 88.7078 FIRSTY MOTION I8 "u™
PIRSY BREAK AT 80 8177
#ND OF PICKING RESULTS
AGOVE RESBULTS FON STATION:MLE
DOMINANT FREQUENCY 13 4 POETHE .
MAX AMP IS AY T $3.6832 FIAST MOTION IS "U"
FIRST DREAX AT® 3. 8004
END OF PICKING RESULTS
ABOVE AESBULTS FOR STATION:MLE
DOMINANT PREQUENCY 13- 2 sa88NT
MAX AMP IS AT T-. s8 7001 FIRST MOTION IS “u*
FINST BARAK AY 8. %022
END OF PICKING RESULTS -
ABOVE ARSULTS POR STATION ELE
[
,f!nutorltn AESULTS POR 28/12/1082 EVENY
DOMINANT FREQUENCY IS: 2.8781H2
MAN AMP 1S AT T 6s5.4182 PIRST MOTION IS *“U"
FINST SREAK AT s . 2004 :
N0 oF CKING RESULTS
ABOVE RESULTE FOR STATION:BLE
DOMINAKT PREQUENCY 18: 3.0704H2
MAX AMP IS AT T: $8.3088 FIRST MOTION IS =U"
PIRST BSAEAK AT: 88 .2338
END OF PICKING RESULTS
ASOYE RESULTS FOR STATION:LLE
OOMINAKT FREOQUENCY I8: 1 4741H2
MAK AMP 1S AT T: s .3810 FIRST MOTION IS “u*
FIRST BREAK AY: ss . s008
IND OF PICKING RESULTS
asove R LTS FOR STATION:LPE
OOMINANT FREQUENCY I8: 3.7900M2
MAX AMP IS AT T: sd. 9178 FIRST MOTION IS "D°
FingY BAK AT e sans
END OF PICKING RESULTS
ABOYR RESULTS FOR STATION:MLE
OOMINANT PREQUENCY IS: 4. 9047H2
MAX AMP 1S AT T: 80.1178 FIRST MOTION 1S ~U"
FIRST BREAK AT: 0. 0088
END OF PICKING RESULTS
ABOVE RESULTS FOR STATION: NLI ’
GOMINANT FREQUENCY 1S: 204 7H2
MAX AMP 1S AY. T: l1.7lll FIRST MOTION IS ~O"
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le 11.... Results obtained from AUTOPICK routine used to
testimate first arrivals and first motions automatically.
less reliable (bottom).

.
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'STATION

MLE
ELE
LPE
LLE
HLE
BLE

AUTOMATIC AND MANUAL COMPARISON

DATE/TIME

8401222035
8401222035
840122203%
8401222035
84012220135
8401222035

VISUAL TIME

58.9%
58 .58
59.9%
59.98
60.027?
60.90

AUTOMATIC TIME

59.
58
57
61
63
61

61

.39

40

.65

80
60

DIFFERENCE

.60
0t
90
67
507

070

w -0 0

STATION

MLE
ELE
LPE
LLE
HLE
BLE

DATE/TIME

8401240053

8401240053 "

8401240053
8401240053
8401240053
8401240053

VISUAL TIME AUTOMATIC TIME

’AUTOMATIC AND MANUAL COMPARISON

56
57
56.
56
60.
66 .

.84
.65

DIFFERENCE

29
80
50
027
70
. 807

50O &00C

-
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£

Table 12.... Comparison between visually obtained results
and the ones obtained from AUTOPICK. Reliable (top), less

accurate (bottom).
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significant'vvariation between the two methOds ¢ and ‘the

’ autdmatxc method can be con51dered useful at least for these
‘events for whlch the cond1t1ons mentloned above exlst.
1’ In case of events with unsat1sfactory condltlons the
algor1thm performed at a lower level of accuracy. Flgure 52’
and F1gure 53 show the results of AUTOPICK applled to’ such
vevents. tTable A1 llStS the calculated parameters and Table
12 compares automatlc ‘and v1sualy hand~ plcked results. h
signiﬁicant agreement betwgenrthz two exists. The question
lies as to which one of the two is morevreliable..

uIn.»the visual method the analyst'only checks emergent
‘P- arrivals and marks them ifiﬁirst motion is well defined
uithout' ‘mdklng -a quantitative check of amplitude “aHa
freQuency crlterla. The AUTOPICK method not only. detects the
.temergent P- arrival but 1t checks quantltatlvely all other
possib}e' condltlons vnecessary lﬁorvgthls‘;arrlval to bel‘
cohsidered consistahttzf_t‘ S . o

‘Suchta: automatic analysis approach canv\@e"improved
’using the " notion of:_afinity ‘and structural grammar
kcrecognition techniques. AForf'this ~particular stUdf this
'detecting routine is consldered more than necessary. Events
.are ttmed by analysts and the results of the routine can be'
checked against the visually dgtalned ones. lf the Cold Lake

i

array keeps operatlng and the 1nstruments are increased -t

v

fhave a more. dense network,: then“ the algorlthm could-be. -

1mproved more so that more data could be processed faster in

order that qu1cker analy51s of the selsmlc patameters takes
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1982 A AUTPPICK RESULTS
YEAR DAY.. /HOUR MIN SEC MSEC . : _ . '
1962 362 11 11 22 985" . v -

o | b
1 :
i E i P
DEC 28 FILE 323 BLOCK 10 12 FILT REn'Jo 4

i

L TTTTTE
—TT

Figure 52.... Autopick results for.an "A" type event that
“ occured on December 28, 1982. Noise contamination effected
the stability of the routine. The results cannot be .
considered accurate. )
#
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1984 R44 AUTOPICK RESULTS

YEAR DAY  HOUR HIN  SEC MSEC
. 1964 24 o S9 58 1126

- . . : N
' E "1 i
S .
3
. P
©oCie ; ' !
. iy : f '
T _‘ i
= * 4
. 4
L. ) . ! |
. j x
0 S,

’WW W‘Aﬂf \

cx 10

Figure 53.... Autopick resulth for an "An type event that
occured on January 24, 1984, Not satisfactory results where
obtained as can.be seen by the arrows. '

| @ .
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-place.

Also, the presént algorithm with some modifications
could be used at the base station of the’ array sov that
detection of events ig'done locally. Then storage of ;vents
could be done to save tape space as well as the extra- hﬁman

. processing time. ___



4. INTERPRETATION AND DISCUSSION |

'4.1 IﬂTRODUCTION
The major part of this inté:prétation is based on the
éhg&hcteriétics and. analysis .of the .son'called "A" tfpe
e;g%ts. The ha;ure of these evenés initialy became clear
Qgen‘ a number .of them ( approximately 100') occurred in
December 1982. Looking at the ﬁistogram‘of daily occurences,
'Figure 54,,§e can see that there are sporadic occurences of
| the events throughout the . study period. Even though the“
opefation of the array was marginal during this period, a
fair numser of "A" type events were detécted ‘and a good

percentage of them has,béen used for further analysis.
.In ‘termsf of statioh location -.ind wave  energy

distribdtion, during the early years of the study , stations
MLE ‘and_ ELEM detécted. élastic waves the with laréest
'amplitudeé. The amplitude falls off rapidly with distanc¢e at
stations BLE and HLE. In more recent years there seems to be
a migration in the epicenters and in the‘émplituae—distance
relationship so that the wave energy .teSEs to increase
towards the NW approachiﬁg‘statibn BLE.

Thisbtype ofvdistribution of "Af type events, as well
as £he‘ beriodic ‘presence of activity leads"to an
uinvesfigatiqn with the asﬁumption that the potential sources
are eithe;'related‘to disturbances in the hydrologiéal cycle.

-or the heavy 0il recovery projects.

127
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LOCAL TYPE A EVENTS
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Figure 54.... Daily occurence of "A" type events for the
period of ‘January 1982 to December 1986. )
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Thé compressional (P) waQe‘is always very weak wiﬁh a
shear wave (S) not always clea‘ and a very strong Rayleigh
wave. This :well developed surface wave is a strbng
indication of shalloﬁ séurce, Ny

Using HYPO71, a location progrém ﬁehtionedl {n chapter
2, uloéétions for some "A" type events were obtained. Figure
.55 shows thesé locations, plotted on a township grid

inﬁicafihg the total afeé of study. Results of the location
estimations are shown in Table 13. Some of tﬁe solutions

vere .,donstrained to specific depths, tfelated to the
invéstigatipn for‘poteﬁtiallsources. Thefe were three major
depth categories that the events seem to be separated at:
depths between 10-180m, 250-550m, and 600-1000m. .
-~ No ‘major téctonic features are present in the areé
élthough the Athabasca axis, a prominent linear series of
o gravity lows éasses 80km NW of Cold Lake. Sipce most of
:thése events are lécated at depths less than 1 km, and well
away from 1his axis, it ‘is dbubtfull that there is any
direct relafionshipE“between seismicity ‘and gfévity- o
magnetic liheamenté.hb ' | | |
Using the location of the events as an indicator and
the strong Rayléigh waves present that constrains this study
~to shallow depths, three 'hypqéhesis" were developed for
investigation.
The first hypothegis relates the potential sources, due
tél local stresses at very_ghallowbdepths,~with disturbances:
w ‘ : . :

\ on the hydrogeoiogy. The second hypothesié":elates' the

AN

[}
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A
EVANT DATE ORIGIN LAT N LONG W ‘DEPTH MAG ‘NO RMS
ABZ 821225 2t 6 0.78 54-33.54 110-19.82 0.15 1.3 3 0.
A101 821226 1457 24.41 54-34 .56 110-22.73 0.62 . 0.6 :30.01
A105 821226 1825 6.04 54-34.3% 110-22.93 0.62 0.6 3 0.00
A109 821228 -550 32.34 54-34.30 110-19.99 0.47 0.8 3 0.00
A110 821228 1111 27.22 54-34.34 110-20.91 0.15 1.2 5 0.9
A115 821229 1712 9.96 54-35.10 110-22.64 0.62 0.6 3 0.0t
A116 . 821229 1822 34.74 54-33.48 110-24.43 0.62 1.0 3 0.0¢
A4 830102 2156 12.42 §4-31.63 110-21.93 0.01 ‘1.2 5 0.15
A8 830111 2133 27.61 5%-33.16 110-24.48 0.01 t.1 4 1.38
Ag2 830113 1528 2.69 54-35.58 110-23.24 0.30 1.3 6 0.32
A'1e 830206 2149 31.18 S4-35.21 110-18.63 0.01 1:4 6 0.32
A7 830207 035 8.286 54-33.60 110-22.33 1.37 1.4 5 0.33
A1t8 830322 2212 3.74 54-35.73 110-21.69 0.47 1.2 5 0.69
At9 830323 055 19.55 54-35.00 110-23.28 0.50 1.3 6 1.20
At 840101 546 48.52 54-32.66 110-21. 119 0.01 1.3 5 0.32
A4 840111 21 6 53.76 54-33.36 110-19.89 002 1.2 5 0.33
A7 840122 2035 56.71.54-32.99 110-18.32 0.02 1.5 6 0.31
A2 840124 053 55.84 54-35.73 110-20.80 1.45 1.2 5 0.46
. A7 840616 336 15.68 54-38.34 110-33.14 0.24 -0.8 4 0.19
A19 841101 21 4 21.11 54-37.84 110-31.86 0.01 -0.3 5 0.04
A20 841101 23 6 22.43 54-37.85 110-32.13 0.47 -0.% 4 0.02
A1 850101 1054 6.92 54-36.53 110-26.64 0.01 0.0 4 0.59°
A4 850101 1926 16.04 54-37.67 110-27.08 0.15 1.4 3 0.64
AT 850102 810 57.97 54-35.46 110-24.26 0.62 1.3 4 0.58
A7 BZ0102 1526 56.96 54-34.35 110-24.95 0.62 0.6 5 0.15
A30 850116 233 15.27 S54-37.75 110-26.52 0.47 0.9 5 0.39
A43 850608 1711 33.90 54-35.63 110-30.58 0.01 -0.8 5 0.17
Aaa 850612 1132 37.88 54-36.4% 110-29.61 0.08 -1.2 5 0.00
e A45 851203 1932 2.04 54-35.90 110-23.54 0.72 -0.5 4 0.09
A2 500103 152 17.35 54-35.13 110-21.71 0.74 0.8 4 0.04
A3 860109 O 2 39.34 S54-34.91 110-29.09- 0.15 1.3 4 0.04
. A7 860114 2138 14.28 S54-33.44 110-24.38 0.01- 0.9 4 0.66
A9 860117 23 3 37.76 54-33.12 110-19.89 0.02- . 0.9 4 0.30
A15 -861210 637 36.10 54-32.90 110-25.91 0.62 0.9 30.42

Q
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Tablé 13.... Hypocenter determinations for "A" type events.
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source with fluid injéction  and withdrawéi. Some\data-on
steam injection and production of oil iﬁ the area .has been
‘2btained from Esso Resources. The data have Dbeen
cross-correlated with tpe activity. The overall period of
injection,: production,‘ as well as the pressure variation
with depth have been examined; The third hypothesis relates
 £ﬁe events to the disposal of waste fluids by injecting into
deeper wells at very high pfessures which coyld by reducing
the frictioné;iresistance of the rocks trigger earthquakés.-

3

' Bach one of these hypothesis has been analyzed in detail

‘here.

4.2 INDUCED SEISMICITY AND HYDROGEOLOGY:

There are' hot many’significant case studies, Carvajal
(1984)”‘that relate indﬁg;d earthquakes to disturbances in
the h;dfological cycle.,Invés?igati&g this relétionship at
Cold Lake is a very difficu;t task becéuse:of the following
reasons. Fiﬁst,,the‘stationédistribution is very sparse and
the reliability of the depth éétimatidn' of the 'soqrce to
':urately pinpoint the origin of disturbance 1is low.
Second, these shallow evénts,uat depths less than 150 m,

¢
could be due- to change in effective stress from activity

»

generated at dgreater depths and, if a zone of weakness is
present near the surface, this could release some stress

- !

" AV
resulting to minor tremors.

It is known that' the area has a number of buried

¢va11eys,a;epresenting old river beds cutting deeply into the
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Upper Cretaceous sands and shales ( Gold, in prep.). These
channels are present day aquifers which contain a major
water reservoir in Zhe<area. Ag can be seen in Figure 56,
most of the "A" type events are located at the confluence of
these;yld river channels. %his observation lead to an
investigation related to disturbances of the hydrological
cycle in the area. Looking at some observati&n well
hydrograph daéé provided to us by Alberta Environment, it
can be seen that no major change of water level has taken
pléce in the area for a number of years (Figure 57). A one
meter chahge during a pumping period occurs at the- end of
1985. Note, however that there are also small changes at the
begining of 1982, 1983,1984., It is also unfortunate that the
Bourque Lake weil is so far from the seismic setting and the
injection sites, as indicated in Fiéure 55 (WTR).
Corre}ating the water level change information with "A"
type event occurences is obviously difficult, mainly because
of the location of the well.vSmall reservoir level changes
and consequeht ground water disturbances have been
correlated with minor induced seismicity in some cases (
Nurek, Monteynard, _Bajina-Basta, Vajont, Benmore ), - (
Simpson, 1976). 'Thesé cases are mainly related to the
increase in vertical stress due to the weight of the water
mass and a decrease}jn effective stress caused by increase
in pore pressure. In this study, where no extra water\ load
is . present, a différent approach is to be used in examining

the seismicity -present.
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Location‘of "A" type shallow events (above).
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A complex hypothesis could be given for events
triggered in that level. Possible artificial disturbances
created. by both fluid injection and fluid extraction at
deeper strata could create an effective pressure or even an
uplift in the layers located directly aboJe. ‘A sudden
release of this pres®ure (water withdrawal due to pumping or
other hydrological distufbances ) could éeneratg a sequence
of stress drop through the region or even a decrease in

effective stress, especially at the shallow zones of

weakness, resulting to an ind

_ed type of earthquake.
Another complex hypo < could relate increase in
pore pressure in the oil pf fon layers causing formation
expansion. The gravitational force due to the weight of the
above layers resists this disturbancé. If there 1is fluid
withdrawal of a substantial volume, then the effective
pressure‘of the overburden decreases, resulting in stress
release in those zones of weakness.,

The seismicity in this area 1is not related to any
tectonic activity. The overall seismicity of Western Cananda
(Figure 58), indicates - no significant epicenters in the
area. Tremors were felt by the residents of the area after
the initiation of the heavy oil recovery projects, but these
may have been due to sonic overflights. It is logical,
‘therefore, fo hypothezise that the triggering mechanisms of
these very shallow earthguakes could be related directly or

indirectly to the heavy oil projects and to the zones of

weakness present ,in the area.



- 137

M 05-39
M 40-479
ALSC«594
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, , | P
Flgure 58.... Earthquake epicenters for the Yestern §¥ﬁada’
region. This data was compiled by.E.R. Kanasew1ch and*C.H.

'McCloughan from GSC and USGS llstlngs

<
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Foeal' mechanism aolutions for A110/2 and A3/6 , shown -
> in Figure 59}vfor these shallow eVents,”give,‘difections of'
motions that fdllow'a somewhat cOnsiSent pattern. One of the
S‘planes ( A3/6) dips 70° NE w1th a strlke Of7‘25" NW. | This.
could be explained ) sLump1ng on the edge of the buried
river channels. It should be noted that this solutlon.‘was
obtained using ~events with more clearly obsetved.first
motion data. Discordant first motions could be due. to errors

in firet arrival picking. |
fhe,relatibnibetween hydrogeology and seiamicity',is

diffiéult to.doenment with availatletdata One objective is

to determlne if these are natural or artificial _events. I’

. J
the (events--are due to art1fac1a1 trlggerlng one would llke

7 oto f1nd the relatlon to the heavy 0il. recovery methods in
like to determine if there are zones of

‘x“ gh{ane sliéhtly disturbed by water ‘bumping or

4.3 INDUCED SEISMICITY AND HEAVY OIL RECOVERY

There are‘inumerous case studles published relatlngv
L ) S‘f
’1nduged se1sm1c1ty with flu1d 1nject10n or fluid W1thdrawal

"ealy et al. (1968) related earthquake triggering to fluid

injection into deep'wells. Similar cases where studied also
by Tseng et al (¥§73T’ Ohtake (1974) Flecher and Sykes
(1977) ‘Pennington et al (1986) who studled’the evolution of

seismic asperltles caused by depressurization of 011 and gas,-

fields. Mereu et 'al(1986), and Evans et al (1987) examlned

v



I | . - 139

A110/2

Figure 59.... Focal mechanlsm solutions for shallow'eVents.
A110/2 plane dips 70° SE with'a strike of 10° NE, and *a3/6
plane dlps 70° NE with a strike of 25° NW, €E9
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local earth tremors in oil field areas. Also at the First

International Symposium for 1induced ,seismi;ity in Banff,

Canada

1975, - cases of seismicity associated with fluid

injection were presented.

Basically, in some gases induced seismicity and fluid

1nject10n L or - withdrawal are without doubt well correlated

phenomena. In the Coldﬂ
project

Chapter

v -

‘, \

rUa a major heavy 0il recovery
‘

has been 1n; opefataon since 1975 as described in

1. It 1is therefore logical to examine the

implications of this ectivity.in relation to.local tremors

observed by the.array. There are several points that should

bé;neted:

¢ . N

1. Was the regional tectonic stress state which s
near to the breaking strength of 'the rocks before

injection isv‘initiated?

2. The reservoir formation should accept the fluids

due to moderate porosity, but its perheability needs
te be Jlow enough so that pore-pressune buildup is
possible. | - , ‘.

3. The injecfibn-of Fluids into the format ion must
be at such rates and pressures that the formatlbn‘,
pore 'phessunes acevsignificahtly incneased over fhe//

whole area. g -
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The depth of the oil recovery activity is known. The
locations of. a number of "A" type events are associated with
that depth as shown in Flgure 60. As can be seen in Figure
30( a mlgratlon of eplcenters to the northwesterly direction
is appé?ent. This is in the directlon of expansion of the
oil recovery projeots.

Further analyéis wae made on the relation between steam
injection volume and oil pfoductlon volume vs "A" event

occurence. A flrst attempt to correlate events with steam

'1nject10n volume or 011 productlon volume dur1ng the total

s K ET
'g'; ' o 141

duration of observation wanansuccessful. The~ operation in

‘the area in very complex. Some wells mighf produce, other

wells might be on a "soak perlod“ and others could be, used

g

: : : g, \ )
for steam 1nject1on. Evert -a net volume ( steam - oil

produced ) .correlation does not give a p051t1ve result This
-

. may be because the exact net volume was not ﬁbtalned due to

4

the fact that waste: water withdrawal volumes were ' not"

included because this waste fluid is?injected back in the
ground at anotherﬁarea. Exact welthead préssufeé were not
officialy obtained. | .
Steam'injection rate data throughout the duration of
.etudy ls shown in Figure 61. The "A"™ event occurence is
shown in Figure 62. A cross correlation was cerried out to
estimate - any ' possible relationship between the two.
Examining Figure 63 which is the crosscorrelation function,
we mey have a .small correlation between fhe two with about 2

L]

to 4.5 month delay.
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Average Injection Rate

S S S Sy S o

N Months :

July 1981 to Dec. 1985
Leming Pilot Plant

Figure 61.... Average steam injection rete for Leming Pilot
Plant. The period covered is January 1982 to December 1986.
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Figure 62.... Frequency of "A" type events during the total
period of study.  Each histogram 1nd1cates the number of
events recorded per month, A

)
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0.30+

Figure 63.... Crosscorelation between average steam
injection rdte and "A" type event occurence per month. A 2
and 4.5 month lag shows the best correlation.

@)
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This weak correlation could indicate that as the steam
injection rate increased ( or pore-pressure built up in the
fo;mation) fhen -a burst of activit} seemed to occur with
some time delay in some cases. This delay could be explained
as due to the period of time needed for steam injection to -
change the reservoir parameters.

Focal mechénism solutions, for these events have' also
been obtained.’éigure 64, shows such a solution for events
A30/5 and A9/6, indicating a dip of 60-70° SE and strikes of
35-65° NE. Th%% is.fbrmal’faﬁltyng and could be :élated to
fracturing i%f the formation ddé to pore-pressure built up.
Alternatively, thé‘stress state;of the rocks may be near thg
breaking strength then with Ja small disturbance by fluid
injéction or withdrawal resultsjin a sudden 'stress release
or dislocation 1in the rocks surfounding the reservoir. The
fault plane analysis is consisfent with a triggering
mechanism at the o0il recovery formation level.

The above hypothesis, relating microtremors to fluid
injection, coéuld be also examined by the analysis of the
Coulomb-Mohr theory éf<shear failure. Many studies have been
done on téis technigque especially 1in cases of induced
seismicity, gghgh (1987), Kisslinger (1976), Talwani (1976).
Much of the analysis‘is pased on stress failure related to
pore pressure changes. In gur case if we assume that the
vertical "principal" stress is egual to the lithostatic
pressure, and being the S, component as~lsugggSted by Athe

focal mechanism solution and stress directions, it's given
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. A30/3

* a COMPRESSIONS
© DILATATIONS

A9/8

Figure 64.... Focal mechanism solution semi-deep events.
A30/5 plane dips 70° SE with a strike of 35° NE and A9/6
plane dips 64° SE with a strlke Qf 54° NE.
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by: , '
Sy = J p g dz

1f we consider this as the maximum compressive stress, due
to the overburden, and S, the'leéét“"éompfessive stress we
can appl§ the failure criteria for the medium, in our case
the Clearwater formation at depth 2z=470m, and avefége
density p = 2 gr/cc. Then S, = 94 bars (9.4.MPa), assuminé
also that the least compressive "stress is approximately
S,=S,/3=32bars, and taking the inherent shear strength of
the sediﬁentéry rock 7, between 100-150 bars (Ragan,1968),
and the coefficient of internal friction tan¢=0.6 (¢=30°) we
can estimate the rock failure paraﬁetersh

If the medium 1is porous, which is the c?se with
Clearwater fofmation,‘and contains fluid with pore pressure,
p, then the principal stresses are reduced to the efféctive
stresses 0= S;-p and 03;= S;~-p. Then the required préssure, /
pd} to bring the rock to failure is given by Kisslingéf,

1976 ):
Pa = {(2/V3)1,+25;-S,}/2

which in our case is between 60 to 90 bars.
We know that the injection pressure in the area’is of
the order of 100 bars, it is logical to assume that the pore

pressure is of that order and in some cases larger. This
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change of pore pressure by fluid injection may be sufficient

‘to create fault §ailure or fracturing as indicated %gy the
low level of seismicity present, without creating any local
hazards.

s §
4.4 INDUCED SEISMICITY AND WASTE WATER DISPOSAL

In most heavy 0il recovery projects there 1s a vast
volume of waste fluids produced at the wells, proportional’
to the steam volume injected. In Cold'Lake some of the waste
fluid, after--approval by the Energy Resources Conservatlon
Board, of the Province of Alberta,:is 1njected back into the
~ ’ground The location of most of the’ gaste water disposal
Lells is within the study area as shown in Flgure 65 and the
injection depth varies between 550-800m, at the ‘top of the

Cambrian.

seismic array, this implies that the locatlon of';@é“~ :

due to waste water disposal can not,be'reliablyﬁdetermidﬁd;ﬂJfﬂ

Hnly a small‘huhbér"of these events gave "godé@ hypocentqg b

solutions at a depth of about 620m, located NW of he ﬁﬁ%él

Lake area ( Figure 65 ). It |is not expected t

*

locations need comply with‘the location of the w: é

!
seismic activity 1in the area. Comp051te focalﬁ et
solution was obtained to étudy the directions of.

in the area. Figure 66, 1ndlcates reverse fauk

right lateral component. The direction ., of max1mun

.
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stress, rebrésented by .T in Flgure 66, could correspond to

the release of stress due to formatlon fractur'
ki

Information with regards to waste wa

sposal, for—
our analysis, is based ~on an aoproual greement between
'E.R.C. ﬁ - and Esso to 1nject at certaln loqatlons betweer'
1978 to 1985 There are only 10 - 15 wells used for dlsposah
purposes. Con51der1ng the amount of volume of steam injected
and waste water produced in the wells during the period of
: operatlon, it seems that u51ng only a small number of wells
 for wa;te dlsposal ¢an -only mean that injeotion rates at
these wells must be at a maximum. The recommended maximum
wellhead pressure by E}R.C,B.;}s about 16,000 kilopascals_
(A60 bars), which isllarger than the-aocepted pre—fracturing
bpressure in Cambrian.formetioh level ( 12 MPa, 120 bars).

. As mentioned ‘in‘Lthe previous discussions it is known
that'no-ﬁ;tural tectonic activity exists in the ‘area. 'so,
there 'are two fectors to con51der as evidence of induced
'sef§%1c1ty.due to waste water dlsposal Flrst it is logical

to\con51der that tbe amount of water produced ( usually more
“\f%han 60% of the- 1njected steam~volume) has to be dlsposed

¢

of. Two to three wells are used for dlsposal purposes per

e ?

year and they mus

T

accept a great volume of waste flUldS,
possibly from all operating plants  in the area, at that
formation level, Second, in order to inject waste fluids

into a: formation " at. aifspeedn'relat%ve to' the production
volumes of a large number of wells, it ‘s logical to wuse
S . . R IS
very high' injection pressures, which'will cause a definite
. . . s ° v ;; : 3 R . . .
T t )



.p‘* N /153 '
° # . : .
fracture in the fornation. ' il '
Due to limitationsf bf the seismic'r array; exact
.epicentral locations are not possible, It is possible to
assume on»the.basis of the two closest ‘“stations, MLE. and
ELE, which show larder wave ~energ§ concentration on the
aVeragebtnroughout the year, that induced seismioity sourc .s
are located in' that area. A reasonable hypothe51s is that

triggering of microearthquakes due to waste water disposal

does occur.

4.5 CONCLUSIONS

A minor level of induced seismicity has been found in’
the Cold Lake area based on the observation of approxinateIY.
300.locaf microtrembrs between‘November,'1981 and the end of
erqember, 1986. The activity is periodic and may'be' related
to 1increased drllllng of new wells and 1n1t1atlon of new
projects upon freezing of the grouna In the early perlod of
‘recordlng 350 events were documented @E%rlng a ~ 7 month

gt

rnthval in 1979, N ' : - S _ o
!(‘ LT . .

The Cold Lake area, lies 300 Ky northeast of the Rocky
Mountalns, and its m1crose1sm1c1ty is not related to any -of
the well defined seismically active areas .in Western Canada.
Reglonal stresses 1n the North American plate play ‘aﬁ minor

role> in causing the instability. More l1kely the factors
contributing to this seismicity are d1rectly related - to
artificial disturbances in the area.

. .
[2RY
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All of the na type microtremors are small, with
'maénitudes less than 1.5 and their epicenters . fall into

three categories. | | - |
A number' of them oé;ur a£‘the‘ confluence of :the two
buried river channels that havg; been in;ised inté“Upper
Cretaceous bearock and filled ;withw glacial depogits. The
- generating mechanism of these evgnts‘was,analyzed under two
HYpotheses. One relatihg Seismicity to water level changes,
"~ and it \éeems thaf such changes eof annual waten content or
rate‘of‘flow could not have triggereé 'such activity. Thé
.éther hypothesis may be due to a cdmﬁlex relation between
the shallow—microseismicity ahd éﬁsturbances qreéted by both

€ fluid }njéction.and fluid'eﬁfraction at se§é§a1 depths.

| Some of the “microtremors - are close to. the- steam
injection zbnes‘ and tragk'the'exPahsion of'oil‘prodUction o
plants ﬁn a-northwesterly éirection. Theée events occur -at
the injection-production depth, 450-500m. Casing.failﬁres
when theyJoccurred were not correlated wi§h s§ecific.events; ‘
?Thé only possible corrélation' obtained was that of s;eém‘
'injectiop rate versus "A" event occurence, _Also; focpi
) .meqhanisms, .indicating a- fracture ffypg dislocation, give
‘stéonger eQidence for‘adtriggeging;méthéﬁismiat that’_dépth.'

. N ) M;
1t is fair to assume that artj

fﬁgﬁﬁl disturbances due to
‘Heavy 0il recovéry projects majl’é-azfegfly relatedfltq 10w 
level microséimicity. | B A L ﬁ |

Finally, anotﬂer.possiﬁle facgﬁrﬁégg?  the. breseﬁce fdff~Q

microtremors in ‘the area is the waste fluid disposal

a
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operation that occurs - near wthel Lake. Due to fhe limited
Eamount of 1nformat1on from the seismic array with respect to
t&;s area ( it is 1located at the edge of the array ) no
acCunate correlation was obtained. Some events where located
id “that area at depths associated Wlth waste dlsposal well
depths. It is suggested only, that due to higher 1nject10n
'pressbres used ( above the formation fraﬁture level)
p0551b111ty of fractur1ng EXIStS, resultlng to disturbances
-and 1n'turn tr1gger1ngaoﬁ microearthquakes. : ‘ : *2
Tﬁgv Coldégégkg :seismic array has’ establishéd its
‘usefulnegs Hg'Ainhabiiants of the ‘area by monitoring the
4potent1al hazards due to industrial act1v1ty as in Denver
'(Healy,' et - al 1968), ahd Canada Forces Base (CFB) activity
preSeﬁt ‘;apld and rellable 1nformat10n of the sources of
sonic an? elastic disturbances was provided to 1nterested
parties. Such seimic control and analysis proved valuable
because -ehe art;§@c1al. dlsturbahces, "due. to_.iddustria&
act}yity”;or ‘sonic roverf}ighi%"in the - area ‘apparently
decreé%eqw:sihce the-array;started operating no:maly. It is
éuggested5that monitori;g'in the area‘shquld“ continue with
an impfﬁved seismﬁcf’a;rdy as long as ‘the heavy oil |

opefatioﬁ% last. It should-be noted that the seimicity has a

. very lowﬂ ma&hltude and none of the 1nstrumentally recorded

events were felt or created a hazard to the_local community.

] JUp—
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