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PASSIVE SEISMIC MONITORING OF HYDROFRACTURE
AND STEAM INJECTION
IN HEAVY OIL SANDS NEAR FORT MCMURRAY, ALBERTA

D.J. GENDZWILL’

microseismic activity during enhanced recovery operations
in unconsolidated tar sand.
The Gregoire Lake In Situ Steam Project (GLISP) is an
experimental
project to evaluate hydrafracture
and steam
injection
methods for recovery
of heavy oil from the
McMurray
Formation
Cretaceous
sands in the Fort
McMurray
area (Figure I). Hydrafracture
is intended to
increase the permeability
of rock by forcefully fracturing it
with high pressure fluid. Steam injection
is intended to
decrease the viscosity of crude oil by raising its temperature.
Both operations improve the efficiency of recovery of crude
oil but some sensing method is useful to detect the pattern of
tluid penetration in the subsurface formations. Passive seismic monitoring is one of the methods evaluated for monitoring tluid penetration. Seismic monitoring methods have been
successfully used to monitor injection in granite (Baria et al.,
1989) but it was not clear whether the method would work in
soft Athabasca tar sands.
Seismic activity could be generated in brittle rock if the
increase in pore pressure reduces the effective stress in the
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In recent years geophysical technology has often been
directed to engineering
and production
projects such as
enhanced oil recovery. Laboratory work by Nur and Wang
(1987). Tosaya et al. (1987), Wang and Nur (1988) and othof oil sands
ers has established
that physical properties
change significantly
with temperature. Talebi and Cornet
(1987), Sarda et al. (1988). Becquey et al. (1989) and others
have measured microseismic emissions associated with fluid
injection
into rock. This report describes monitoring
of
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Fig. 1. Location map of Gregoire Lake In Situ Steam Pilot project
(GLISP).
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rock, allowing shear failure under an existing stress field, or
through tensile splitting of the rock. Steam injection also
heats the rock, causing thermal expansion and fractures if the
rock is brittle.
Results of Afar et al. (1986, 1987) suggest that brittle failure mechanisms are problematical
in Athabasca tar sands.
They show that tur sands, with 33 to 42 percent porosity
filled with bitumen and water, are essentially cohesionless.
Under compression tests, shear failure is controlled by intergranular friction. When heated under constant confining
pressure with undrained porosity the pore pressure rises,
reducing the effective pressure until the sample loses shear
resistance and it fails under low effective stress. Under these
conditions,
only very small seismic emissions could be
expected due to friction between single grains.
Seismic activity could also be generated by phase changes
of steam, i.e., bubble formation or collapse. According to
Plint and Bosworth (19X6). the presence of certain oils promotes drop-wise condensation of steam in which there is significantly greater rate of heat transfer then in ordinary film
condensation.
Steam bubble collapse is known to provide
substantial energy. For example. Vaporchoc (TM). a marine
seismic source using steam was advertised by CGG in the
1970s.
Three-dimensional
(3-D) seismic surveys (Pullin et al.,
19X7) were also used in un attempt to map steam flood penetration at GLISP. The first 3-D survey conducted prior to any
steam in.jection found buried topogrnphic
relief on the
McMurray
Formation. Repetitions
of the 3-D work, after
steam injection started, found anomalies that outlined the
heated zone. Decreased velocity in the hot rock caused
delays and distortion in the reflection data. Wang and Nur
(1988) show how increased temperature decreases the viscosity and shear modulus of turs und causes large decreases
in seismic speed of tar sands. Three-dimensional
surveys also
have been used in fire flood enhanced recovery projects
where iwsitu combustion provides the heat (Greaves and
Fulp. 1987).
Borehl,le-to~boreh(lle
seismic tomographic
imaging has
been used to monitor several enhanced oil recovery proJects,
incuding both steam and fire flood (Laine, 19X7: Macrides et
al.. 1988: Bregman et al., 19X9: und others).

installed for three-dimensional
seismic reflection surveys.
They were in a rectangular grid spaced 8 m north-south and
I6 m east-west, cemented into bedrock below the muskeg in
boreholes I4 m deep. The geophones were vertical axis
Geosource type SM.1 I with 30 Hz resonant frequency, 60
percent damping, and their sensitivity was 30 V/m/s. Only I6
of the geophones were selected for the passive monitoring as
shown in Figure 2. At the time of the hydrofrncture
and
steaming there was intense work activity in the middle of the
area so the geophones closest to the wells could not be used.
Geophone signals were collected by standard seismic cubic
and brought to the instrumentation
trailer for amplification
and recording. Fixed gain amdog amplifiers were used with
72 dB guin. Filters passed II) Hz to 200 Hz with a 60.Hz
notch.
The monitoring system was designed at the University of
Saskatchewan. It consists of software installed on an INTEL
Sys3lO computer. It includes a I?--bit (72 dB) analog to digital converter, buffer memory, full waveform recording, event
picking and interprctution. data plotting and storing. Sample
rute was 400 samples per second per channel and Ih chunnels were monitored.
Event recognition uses a short time average (STA) of the
signal and a long time average (LTA).
When the STA
exceeds the LTA by some ratio, the channel is triggered.
STA and LTA times of 0.3 and 3.0 s were used. When

METHOD

The GLISP site includes u number of wells, steam plant
and utilities.
The area of the reservoir
is covered with
muskeg about IO m deep. A thick gravel pad was laid on the
muskeg to provide stability
for the test site (Figure 2).
Passive seismic monitoring was conducted between October
25 and December
I. 1986. Wells H-4 and H-5 were
hydrofractured on October 27. Steaming of wells H-3. H-4
and H-5 commenced October 2X.

z
2

Instrumentation
A condition of the GLISP project was to use geophones
already in place. There were 330 geophones permanently
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Fig. 2. Site map showing gravel pad. injection wells and geophone
locations on the 3-D seismic grid.
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several channels are triggered within a time window, an
event is declared. Any 4 (usually) of the 16 channels were
required to be triggered within 0.2 s in order to declare an
event. Two seconds of data were recorded including 0.5 s
before and I .5 s after the trigger.
Source location was done by calculating
raypaths and
traveltimes through a layered earth from trial source locations to each geophone. Critical and noncritical refractions
are allowed. Calculated times from different locations are
compared with measured times until a location with a sutisfactory time match for all geophones is found. An efficient
choice of trial source locations is made by using the simplex
algorithm (Pruggcrand Gendrwill,
198X).
Calibration

of the source location

the shots had to be fired was dry, and no energy was
detected. A second attempt was completed in January, 1987,
after the microseismic
monitoring
equipment
had been
removed. Data were collected with equipment from a 3-D
reflection survey carried out at the time. Five shots were
placed at several depths in the well, which then had water in
it. Only 16 traces of the 3-D records were selected to match
the geophone positions monitored
for the microseismic
work. The events were picked manually and the regular
source location routine used to locate the check shots using
the layer model of Figure 3.
Accuracies for the check shot calibrations
in the eastwest, north-south and vertical directions were respectively 5
m, 4 m and I4 m, comparing favourably with the calculated
accuracy estimates, confirming the validity of the model and
calculation method.

algorithm

A horizontatlly layered earth model was selected based on
sonic logs for the area (Figure 3). The low-velocity
muskeg
layer was not included in the source location calculations
because the geophones were located below the muskeg. Two
independent calibrations were done, a computed sensitivity
test and a field test with explosive check shots.
Sensitivity
was calculated for the model by computing
traveltimes
to each geophone in the array from several
assumed source positions near well H-5. The difference in
traveltime
between the nearest and farthest geophones
(moveout) was calculated for the bottom of H-S and for positions displaced east, north, and up from the bottom of H-S.
The difference in moveout time between positions is plotted
against the displacement (Figure 4). As shown, a 13.3-m vertical moxment
of the source caused a change of 2.5 ms (the
digitization
interval) in moveout. For the north-south and
east-west directions the calculated accuracy was somewhat
better; 6.4-m and 6. I-m displacement caused 2.5 ms change
in moveout.
Ten check shots were made using IX-gram explosive
charges. Five of these were in shallow holes at various points
in the area. Table 1 shows a comparison of the known and
calculated positions of the test shots.
The first attempt in November,
19X6, to calibrate with
check shots in a deep hole failed because the hole in which

Summary

,910
\

of well treatment

Figure 5 shows a graphical summary of the well treatment
during hydrafracture and steaming compared to daily microseismic event counts. Table 2 shows same selected parame~
ters. Hydrofracture
of wells H-4 and H-5 occurred on
October 27. Steaming of wells H-3. H-4 and H-5 began on
October 2X. There was a partial to complete loss uf steam
pressure from November I2 to 16.
At 22X m depth, theoretical hydrostatic pressure is 2.2
MPa but the actual pore pressure may differ somewhat. At
2.2 MPa steam is in liquid phase up to 217” C. The nominal
injection temperature was 200’ C. Steam at 200” C is in liquid phase at pressures above I .6 MPa. Hydrostatic pressurr
is 1.6 MPa at I63 m depth. Therefore, phase changes could
occur if the steam escaped to I63 m depth. more or less.
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Fig. 4. Calculated calibration for source location sensitivity of geo~
phone array. Velticat axis represents the difference or mistie in moveout time if the source is moved. Horizontal axis represents displacement of a seismic source from the bottom of well H-5. Lines labelled
East-West. North-South and Vertical represent the variation in moves
out time tar the array of geophones as the source position is moved
East~West. North~South or Veltical.
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Fig. 3. Layered Pvetocity structure used for source location, showing
nearest and fallhest seismic raypaths.
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Known Position
West
South

E”L?“,
2
6
13
18
19
233
234

,469
1317
,317
,541
,541
1457

Calculated Position
WI%1 South
Depth

Depth

1088
1136
1064
,136
1064
1095

18
18
18
18
18
305

1306

,308
1545
1546
1459
1458
1453
,455
1457

,457
1095
305
1457
243
1095
,457
,095
166
,457
1095
166
rms error I” metres

235
236
237

1090

*

,145
1057
,138
1063
,092
1094
1096
1094
1093

*
*
.
*
322
317
229
145
166

Difference
West
South
0
-11
-9
+4
t5

Depth

+2
19
-7

+2
+I
4
-2
0
5.18

+2
-1
-3
-1
+f
-1
-2
3.94

7

’

117
+,2
-14
-2,
0
14.47

‘Depth fixed for shallow test shots.
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Fig. 5. Treatment history during October 25 lo November 18. 1986, for injection wells H~3. H~4
and H-5 and daily microseismic events for October 25 to December 5. 1986.

depending on the actual pore pressure and if the actual temperature fluctuated above 200’ C.
Table 2. Summary of well treatment.
Wd

H-3

H-4

RESULTS

H-5

Microseismic

Hydrafracture
8.0

Maximum Pressure
Volume Injected
Duration
Depth

26.3
17
229

10.2 MPa
26.5 m3
15 minutes

226

metres

139

c

Steam Injection
Initial Temperature
Maximum Temperature
First~Day Volume
Total VOl”nw
Maximum Pressure
Average Pressur
Pressure Loss Dates

194

140

200
3,
1231
4.4
3.2
15

200
65
,270
6.9
3.0
15

200 c
118 m3
,242 m3
5.8 MPa
4.0 MPa

13-15

events during

hydrofracture

Microseismic
activity during hydrofracture
of the two
wells was not detected, neither during injection nor the following day, even though the system was sensitive to very
small events.
When the hydrofracture of H-S began at noon, the system
was set to trigger on any four channels. The system turned on
numerous times but all the noise was from the trucks and
pumps. An example record is shown in Figure 6. Channel 12,
the noisiest because it was nearest the trucks, showed about
250 microvolts peak-to-peek amplitude. Channels 0 to 6 on
the far side of the pad showed less than IO microvolts.
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The hydrofracture of H-4 began at 18:oO. The triggering
condition was set to any six channels in order to avoid too
many triggers on truck noise and still pick up events from
depth which would appear on all channels. Only continuous
truck noise was observed, similar to the H-S data.
Microseismic
events detected later during the steaming
process had amplitudes ranging from a few tens to several
hundred microvolts on all channels with hilckground noise
about 2 to 3 microvolts. Similar events. had they occurred
during hydrofracture.
would have been detected because
their amplitudes would have been larger than the noise on
most channels (Figure 6).
Microseismic

events during

Event numbers for each well were different and seemed to
be related to the volume of steam injected in each well and to
the distance from the well to the nearest geophone (Table 3).
Accordingly,
an empirical relation was fit to the data by least
squares (albeit only three points for the three wells) where E
is the event count on thr first day, V is the volume in cubic
metres of steam injected the first day and D is the distance in
metres from the well to the nearest geophone.
E = 241*V/D’.5,
Steaming continued during the five weeks of recording. A
total of 382 micrweismic
events were identified and located,
mostly near the tops of the three wells. Many other noises
were recorded and identified as electrical interference. traffic
noise, etc.
Shullr~w rwnr~ drrc fo .sfcwmirz,q- 375 shallow events
were located near the tops of the three wells. The shallow
events were characterized
by distinctive
waveforms
conswing of high-frequency first arrivals and second arrivals
with larger amplitude and lower frequency. Examples are
shown in Figure X. Seismogrllms from elich well were generally similar and distinct from the other wells. Some events

steam injection

Microseismic
activity began at wells H-5. H-4 and H-3
within minutes after steam injection began in each well.
Figure 7 shows the seismic event history for the first few
hours. Each well was characterized by a high rate of activity
for a time, then the rate decreased to almost zero. The maximum detection rate was IO records per minute but two or
three events from one or more wells frequently appeared on
the same two-second record.

Seismogram

of

AN” STEAM lN,ECT,clN

Event

25 on Ott

27,

'86

Fig. 6. Example record of truck and pump noise during hydrofracture 01 H-5. October 27. Record length is two seconds. Vertical trace spacing represents 50 micrwolts geophone Output.
<‘,l.~<i

.-- .,..

121

IXrcmhcr

WU?

“.J. GENDZWILL

I

from each well were so similar in amplitude and phase that
they were indistinguishable.
The frequency of the first arrivals wan 200 Hz or more,
aliasing with the 400 samples per second of the recording
system. The first arrivals had apparent horizontal velocity of
1900 m/s, the velocity of the top layer in the model (Figure 3).
The origins were found to be at one or other of the three
wells. These were P-waves travelling
near the bedrock
surface.
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Table 3. Event counts. distance and steam volume.

H-5

Well

-4

First~Day Event Counts
Distance to Nearest Geophone
First-Day Steam Volume
Ratio

n
ArJL
n n
I
,woo
woo Hr.
16:OO
17X30
Fig. 7. Histogram 01 events detected at the start of steaming in the
three wells, October 28.

E
Din m
“in m3
(FD’,5)/V

H-3

H-4

H-5

18
56
30.6
246

93
33
64.7
272

100
39
118
206

Ch 0
Ch 1
Ch 2
Ch 3
Ch 4
Ch 5
Ch 6
Ch 7
Ch 0
Ch 9
Ch 10
Ch 11
Ch 12
Ch 13
Ch 14
Ch 15

,,V/div

Event
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29.
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Fig. 8. A shallow event from well H-3. Record length is two seconds. Vertical trace spacing represents
large-amplitude surface wave following the P-wave.
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The amplitude of most first arrivals was less than 50
microvolts but one reached 350 microvolts. In comparison,
the amplitude of the dynamite shot was I700 microvolts,
implying that the seismic energy radiated by steam events
was very much less than energy radiated by the IX-gram
charge.
The frequency of the second arrivals was 30 Hz or less.
The amplitude of most second arrivals was approximately
200 to 300 microvolts, although a few were larger. The second arrivals travelled at 300 m/s to 500 m/s. The origin of
each second arrival was found to be at the same well as the
corresponding first arrival. These were guided surface wwes
travelling in the muskeg layer.
The shallow events were located close to the surface by the
source location algorithm but the algorithm loses precision

AND STEAM tNJECTtON

when the source and the geophones are all located on nearly
the same plane. Several other lines of evidence were used to
verify the vertical location of the shallow microseismic noises.
The presence of a large surface wave is evidence that the
energy was released in or near the surface layer. Events
located at greater depth lack the prominent surface wave.
When the shallow (I 8 m) dynamite calibration shots were
taken, a reflection appeared on the seismogram record that
could be correlated with the 3-D seismic survey data and with a
synthetic seismogram. Some oftbe seismograms from the larger
steam events also showed a retlection, indicating that the depth
of the steam event WBS within 3 m or 4 m of the depth of the
dynamite shot because the reflection traveltimes were the same
within 2 ms. Figure 9 shows a comparison between a dynamite
reflection, a steam reflection and the synthetic seismogram.
s
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Fig. 9. A comparison of: shallow steam event. dynamite test shot, velocity log and synthetic seismogram. The similar reflection times demonstrate
that the microseismic event was located near the wrface.
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Origin (If shulkm evtws - The shallow events occurred
at the onset of steaming, October 28, in all wells and at H-5
on November I5 and I6 after a three-day shutdown. They
were probably a result of failures of the cement linings due to
thermal stress induced by pumping 200’ C steam into the
cold wells. The thermal coefficient
of expansion for both
cement and steel is about 12*IOmh per degree C. The modulus of elasticity for steel is 185 GPa and for concrete it is
around 26 GPa. Compressive, shear and tensile strengths for
concrete are about 40 MPe, 8 MPa and 3 MPa (Beumeister
and Marks, 1967; Eshbach and Souders, 1975). At the onset
of steaming, concrete next to the steel pipe may approach
200° C while the concrete in contact with rock may still be
cold, setting up a stress differential up to 62 MPa across the
thickness of concrete, exceeding its strength. Overburden
pressure would compensate the stress differential
near the
bottom of the well, but not at the top. Similarly,
vertical
lengthenirtg of the pipe is confined near the bottom but not at
the top of the well, inducing shear stress and cracks bctween
the cement lining and the wall rock. When the temperature
stabilized after a few hours, the cracking ceased.
Most failures occurred “ear the top of the pipe. The exact
depth would have controlled the details of the wave train so
that series of events that were identical would have been generated at the same depth. Events occurring at slightly different depth produced seismograms with slight variations in
times and phases of the surface waves and P-waves.
Deep ewnfs due 10 steaming
- Seven microseismic
events were detected and located near the bottom of well H5, six of them in the first eleven hours (Table 4). No deep
events were located near H-3 or H-4. The seven deep events
(Figure IO) were easily distinguished
from the shallow
events. Their dominant frequency was about SO Hz to 70 Hz.
Maximum
amplitudes
varied from 50 to 630 microvolts,
larger than the shallow events. Surface waves were poorly
defined and smaller than the first arrivals.
The locations were horirontally
clustered in a small group
which seems to have a northwest-southeast trend (Figure I I ).
However, all the horizontal locations could be fit into a circle
with radius 4.3 m, less than the horizontal location error of 5
m (Table I). The centre of the group was X.X m east of H-5, a
significant distance by the error estimates, so the group of
events does “of coincide with the well.
The vertical location of the seven events ranged from I69 m
to 210 m. a 41-m difference compared to the expected vertical

error of 14 tn. No microseismic events were located at the
injection depth of 22X m.
Origin qfrhc deep EVC~~S-The
first motions of the deep
events provide
some insight to the source mechanism
(Figures IO, 12, Table 4). Polarity was determined by comparison with the dynamite check shots (Table I). The first six
events appear to be implosive
sources because the first
motion on all geophones
was down. The last event on
November 28, first motion up on all geophones, could be an
explosive type.
A” implosive source could have been generated by the
rapid collapse of a vapour bubble, perhaps due to cooling and
condensation when steam vapour encountered cold water in
the porous rock (ambient temperature 7” C). Presumably,
porous zones at 200-m and 170-m depth were places where
cold water was found by the steam front on the first day.
A” explosive steam event might have occurred if high
temperature steam came in contact with hot water, causing
the water to suddenly tlash into steam. This would seem pa\sible if the rock was hot after a long period of steam injection. The explosive-type
event on November 2X came after a
month of steam injection.
Implosive and explosive steam events could only occur if
the temperature was high in the region several tens of metres
above the injection point. where pore pressure was low
enough to permit phase changes. Favourable
conditions
would most likely occur where hot stwm was transported
rapidly upward, for example, through a vertical fracture.
The geometry of the deep eve”& suggests that there was a
vertical fracture extending upward from the injection zone.
The group of events “ear 200-m depth coincided with a
porous zone into which some of the injected heat escaped as
shown in temperature tests conducted in February, 1987. The
events at 170. to 1X0-m depth coincided with another porous
zo”e as show” on the well logs. The porous x~nes are represented by low-velocity
zones in the sonic well log (Figure 9).
H-S received more steam in the first day (I IX mi) than the
other two wells combined (30 ml for H-3, 64 mi for H-4).
which may partly explain why deep microseismic
events
occurred only at H-5.
The frequency of the deep events, SO Hz to 70 Hz, was
significantly
less than the frequency of the shallow events,
200 Hz or more. suggesting different source mechanisms for
the deep events and the shallow events.
A shear mechanism for the deep events seems improbable

Table 4. Deep events.
Time
DayiHr:mi”

Event

Location in m
West South Depth

Error
ms
0.561
0.784
0.532
0.542
0.791
0.857
0.628

act 28,18:10

1

1374

act 28,18:26
Ott 2w3:11
act 28,23:38

2
3
4

Ott 28,23:58

5

act 29,05:10
Nov 28,18:28

6
7

1370
1373
1372
1376
1373
1375

1136
1139
113*
1138
1135
1137
1132

c,e<i 124

200
210
169
184
170
200
180
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hp.
rni~ro~olt Motion
50
140
630
390
330
90
80
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Down
Dow”
DOW”
DOW”

UP

Ch E

--

Ch 9

A---- ---_-.

.l_-”

---

--~-l.-

--.-.---

Ch15
SO0 ,‘V/div

aazirdn
SO0 .d/dlv

Event

281 on Ott

28,

'86

Fig. 10. A deep event from well H-5. Record length is 0.5 Seconds. Venical trace spacing represents 300 microvolts geophone output. Note small WIface wave compared to Figure 8 and the relatively large amplitude P~wave compared to Figure 6.

because unipolar first motion was observed for all scvcn
events. A shear mechanism requires opposite polarity first
motion in different quadrants of the focal sphere but no
change in polarity was observed in any single event. A shear
mechanism is theoretically possible because the focal sphere
was not completely
sampled. However, the only possible
stress orientation would bc with maximum stress axis nearly
vertical for the first six events, changing to minimum stress
axis vertical for the last event (Figure 12). There is no ready
explanation for such consistent orientation of the stress axis
nor for a 90.degree rotation at the last event.
Tcnsilc failure of the rock due to injection of high-pressure
steam is also inconsistent. Tensile failure would cause outward
or upward first motion, whereas downward first motions
were observed October 28 and 29. Also, no events were observed during the hydrofracturc when pressure was highest.
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The failure to detect microseismic
activity during the
hydrofracturc of two wells was disappointing but it was consistent with the nonseismic behaviour of tar sands expected
on the basis of the results of Agar et al. (1986, 1987). If
microscisms arc to be detected from cohesionless materials,
much more sensitive equipment is needed.
The relatively high microseismic activity during the early
stage of the GLISP steaming process was due mostly to thermal effects in the near-surface casing and cement of the
wells. Mechanical stress due to the temperature difference
caused failure of the cement between the steel lining and the
rock. Microseismic monitoring could be a method to detect
failure of the cement lining without interfering
with the
steammg operation.

125

k‘emk.

WV2

U.J. mND%W,t.,~

N

1120PLAN

VIEW

1130 -

2.3
H-S

0

‘526

b4.2

E

w

EO-

I

Fig. 12. Source mechanism diagram on the upper hemisphere of a
Schmidt net for all deep events. First motions on all geophones for
six deep events are all down. suggesting an implosive source mechanism. For the seventh deep event, first motions are all up, suggesting
an explosive source mechanism. A shear mechanism is possible but
the shear planes would have to fall outside the cluster of points for ail
events. as shown by the example.
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to a small fraction of a gram of explosive. The advantage in
this case was the use of multiple geophoncs in widely scparated shallow boreholes, such that at least some of them were
in a low-noise environment.
One might expect nearly as
good sensitivity for greater target depths of monitoring.
In
more competent rock one might expect also to detect seismic
signals from stress failures.
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separated by more than one error unit. The well diameter is not
drawn to scale.
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