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Abstract
Time-lapse seismology plays a key role in understanding the
dynamic properties and monitoring the hydrocarbon production
in the reservoir. Time-lapse seismic data can highlight the
changes which are observed in the reservoir during a specific
recovery and production time. Extracting the optimum information from the time-lapse seismic data is one of the goals of this
research study. In this study, we apply different time-lapse
seismic attributes in a Canadian heavy oil reservoir to investigate
the efficiency of various time-lapse attributes in monitoring the
heavy oil recovery process. This information can be beneficial for
reservoir engineers in the development strategy for the reservoir.
We show that two attributes, time-lapse fluid factor and Lambda/
Mu ratio attributes, can better highlight heavy oil production
changes. We also show that these attributes should also be
considered in detecting the heavy oil footprints in the reservoir.

development during cold production causes the pressure to drop
below the bubble point and gas comes out of solution resulting in
foamy oil (Chen et al, 2004). The gas is dispersed in oil in the form of
very small bubbles (Maini, 2001). Detecting these gas zones is possible
by seismic monitoring. In the presence of gas, seismic velocity and
density decreases in the wormhole zones, creating anomalous seismic
zones (See Figure 1). Therefore, seismic elastic parameters and attributes can help us to better discriminate these zones. Chen et al (2004)
showed that variation of amplitude was observed in the foamy oil
zones. Zou et al (2004) also showed that time-lapse seismic changes
before and after cold production by using Gassmann fluid substitution
model to detect the changes in elastic properties during heavy oil
production. Zou et al (2004) also illustrated that cold production
affects both the seismic amplitude and travel time.

Introduction
Heavy oil sands comprise large portions of the total Canadian hydrocarbon reservoirs. Due to rapid production of conventional
hydrocarbon reservoirs, the need to develop oil production from
unconventional reservoirs has increased in recent years. Heavy oil
reserves in Canada are mostly found in Alberta and Saskatchewan.
Due to high viscosity and density of the oil, an enhanced oil recovery
technique is needed for heavy oil fluid flow during production. Therefore, heat is usually applied to decrease the viscosity of heavy oil and
hence causes higher mobility in the reservoir. There are some limitations to applying heat in the heavy oil reservoirs in the case when the
reservoir is located at greater depth (>400 meter) and the thickness of
the reservoir is low. In these cases, cold production methods are
applied. Cold heavy oil production with sand (CHOPS) is a common
technique used in Canada for heavy oil production, and is mainly
applied in the Lloydminster area. CHOPS is a primary recovery
technique which simultaneously extracts sands with heavy oil by
aggressive pumping with progressive cavity pumps.
In cold heavy oil production, wormhole footprints are the zones which
are drained by the cold production process (Sawatzky et al 2002).
Understanding the heavy oil footprints can prevent damage in
constructing new wells and converting a producing well to a water
injector well. Due to the weak and unconsolidated forces in the
drained footprint area, there can be a high risk of encountering
depressurized zones in the vicinity of the footprints. The wormhole
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Figure 1: The velocity and density of drainage sands vs. wormhole density, where
wormhole porosity is defined as 50% and reservoir sand porosity as 30% (Chen et
al, 2004).

Thus, time-lapse seismology should provide important information
regarding the elastic changes observed in the reservoir during production time. Time-lapse seismology uses successive seismic surveys which
are acquired in the same area during two or more periods of time to
monitor the elastic changes in the reservoir. One of the first applications of time-lapse seismology was seen in Greaves and Fulp (1987).
They showed that time-lapse seismic analysis can detect the propagation of an in situ combustion (ISC) fire front in the Holt reservoir.
Because time-lapse seismic analysis can provide the elastic property
changes in three dimensions, it can be beneficial for engineers in
understanding the details of the reservoir fluid and rock conditions in
order to design reservoir recovery processes.
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Seismic attributes are useful tools to help geoscientists understand
the detailed information which can be extracted from time-lapse
seismic data. There are many types of attributes in seismic reservoir
characterization that can be generally classified as either structural or
stratigraphic. These attributes are very helpful in understanding the
structure features (such as faults, fractures …) and stratigraphic
features (such as facies discrimination…). Coherency, spectral decomposition, texture and curvature attributes are widely used in the
	
  
petroleum industry. In some cases, the combination of different
seismic attributes enhances the discrimination of different features in
the reservoir. In this paper, we will discuss the time-lapse seismic attri	
  
butes which can optimize our understanding from the reservoir in
addition to the common time-lapse seismic analysis.
The studied heavy oil reservoir is in an area of approximately 10.1
square kilometers in western Saskatchewan, east of the city of Lloydminster. The base survey was acquired in August 2003 and the second
survey (the monitor survey) was acquired in January-February of 2009,
both by Husky Energy.
Both the base and monitor seismic surveys were processed through
same processing steps including trace matching, residual statics, zero
phase surface consistent deconvolution, Kirchhoff prestack time
migration, inverse NMO correction, and stacking.

AVO/AVA Seismic Attributes
Amplitude versus offset/angle (AVO/AVA) is a standard technique in
seismic analysis which is applied to pre-stack seismic gathers. The
purpose of AVO analysis is to derive different rock properties by
analyzing offset/angle-dependent seismic amplitudes. The mathematical basis of AVO analysis is given by the Zoeppritz equations (1919).
Zoeppritz derived the amplitude of reflected and transmitted waves at
an interface by applying the continuity of stress and displacement
across a layer boundary. Different approximations to the Zoeppritz
equations help us to understand how various elastic parameters
impact the modeled seismic amplitudes. The most common approximation is the Aki-Richards‘s equation (1980), which is expressed in

Equation (1). Aki and Richards derived their equation by assuming a
small contrast between layer properties resulting in the variation of the
reflectivity with angle as:
(1)
where A, B, and C are AVO parameters which are functions of the Vs/
Vp ratio and angle of incidence. ∆ is an operator giving the difference
in velocity or density between two layers across the interface and ,
, and ! are the average values in P-wave velocity, S-wave velocity,
and density,
	
   across the interface, respectively.
	
  

Time-lapse AVO/AVA analysis attempts to determine different AVO
parameters in different seismic surveys in order to derive the changes
in the elastic properties and attribute these changes to main production-related changes in the reservoir.
The 3D AVO analysis using the Aki-Richards approximation was
applied to the base and monitor seismic volumes. Then the changes
between parameters for the base and monitor seismic surveys was
extracted. Figure 2 shows the difference map of AVO parameters of A,
B, and C. It is clear that a gradient difference map could show the
anomalous zones better.
Given the availability of AVO parameters (A, B, and C) for the base and
monitor seismic surveys, we can compute different seismic attributes.
Here, we discussed some of important attributes in this study.

Scaled Poisson’s Ratio Change: A+B Attribute
Poisson’s ratio is one of the most important seismic attributes in reservoir characterization. Poisson’s ratio is the ratio of transverse to
axial strain and can also be expressed in terms of the (Vp/Vs) ratio as:
(2)
Shuey (1985) considered an approximation to the Zoeppritz equation
in which he considered both the change in Poisson’s ratio and the

Figure 2: The difference map of AVO parameters A (left), B (middle), and C (right).
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background Poisson’s ratio. The PP reflection coefficient as a function
of angle was written as:
(3)
Where
(4)

(5)

(6)
Figure 4: The difference in the scaled Poisson’s ratio between the base and
monitor survey.

(7)

Summation of A and B can give the scaled Poisson’s ratio (by considering background Poisson ratio to be 0.33) equals:
(8)
Figure 3 shows a seismic section from the Poisson ratio volumes for
both the base and monitor surveys. Figure 4 shows the Poisson ratio
difference between the base and monitor seismic surveys in the total
area of the basemap.

Figure 5: Delta-Rho difference between the base and monitor surveys with accumulative
hydrocarbon volume difference in the production time. Bubble size correlates with the
volume of cumulative oil production between base and monitor surveys

in the reservoir density. Estimation of density changes in the reservoir
needs a larger offset/angle for accurate calculations. By deriving three
terms of Aki-Richards equation, delta-Rho (Dρ) can be calculated.
Figure 5 shows the delta-Rho difference between the base and
monitor seismic surveys in the total area of basemap. The high
changes in density correlate with the well with the high oil and gas
production zones and also the areas that the production started after
the base seismic survey time and hence it can be an indicator for
density changes in these areas.
Figure 3: Amplitude versus Angle analysis – Poisson’s ratio volumes for A) base
survey, and B) monitor survey. Ellipse shows anomalous zone close to a CHOPS well
which Poisson’s ratio values changes from base to monitor surveys

Delta-Rho – the change in density
Delta-Rho (Dρ) is also an important parameter for understanding the
changes in the reservoir. Due to simultaneous production of the heavy
oil with sand in the CHOPS reservoir at the beginning of oil production, a decrease in the density values can be noted. Density is also
	
  
affected by the pressure and saturation changes in the reservoir.
Therefore, this combination of different factors can cause the change
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Fluid factor
Smith and Gidlow (1987) presented an approximation which is mainly
dependent on P-wave and S-wave velocities and the effect of fluids
saturation on these velocities. Their expression is expressed in
Equation 9:
(9)

(10)
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(11)
They used the Gardner equation (Gardner et al 1974) to remove the
density term in their equation. Gardner‘s equation is expressed as:
(12)

output of the weighted stacks will be traces representing P-wave
impedance reflectivity and S-wave impedance reflectivity (Lines and
Newrick, 2004).
Figure 7 shows fluid factor sections for both the base and monitor
surveys and Figure 8 shows the fluid factor difference between base
and monitor seismic surveys across the project. These anomalous areas
correlate with the CHOPS wells with high oil and gas production zones.

where a and b are normally considered as 0.23 and 0.25, respectively.
However, the exact values can be derived from the regression fit
analysis between Vp and ρ.
Smith and Gidlow also defined the fluid factor term to be a deviation
from Castagna‘s mudrock line (Castagna et al, 1985) as a direct hydrocarbon indicator. Castagna mudrock’s equation (Equation 13) can be
expressed as below:
(13)
The fluid factor expresses	
  a fractional deviation from the Vp value of
the mudrock line due to the presence of gas. If we take the fractional
differential of (13), this leads to
(14)
Brine saturated sands, siltstone, and shale should follow the mudrock
line and the hydrocarbon bearing sand can be distinguished by points
far from the mudrock line. Figure 6 shows a schematic description of
the fluid factor.

Figure 7: The AVA analysis Fluid Factor for the base survey (top), and the monitor
survey (bottom). Ellipse shows anomalous zone close to a CHOPS well which
Poisson’s ratio values changes from base to monitor surveys.

Fatti et al. 1994 used the geostack technique to approximate the
Zoeppritz equation. Their work is an extension of Smith and Gidlow
(1987) method and includes the density term. They used acoustic
impedance (ρVp) and shear impedance (ρVs) in their approximation.
Ray tracing and the least-squares curve-fitting should be done to fit
the equation to the P-wave reflection amplitudes from real data CMP
gathers to estimate acoustic and shear impedance changes. The

Figure 8: Fluid Factor difference between the base and monitor surveys with
accumulative hydrocarbon volume difference in the production time. Bubble
size correlates with the volume of cumulative oil production between base and
monitor surveys.

Time-lapse seismic inversion attributes

Figure 6: Schematic definition of fluid factor (red zone) is a deviation from the
VP-Vs mudrock due to fluids; This figure is from(Russell (2010, lecture notes) and
Castagna et al (1985).

Seismic inversion is one of the most useful techniques in the analysis of
reservoir characterization. We performed seismic inversion to derive
elastic properties and link them to dynamic property changes. Seismic
inversion is the inverse of forward seismic modeling. In forward
modeling, we can produce the seismic data by available geological
and rock-physics models. The convolution of reflectivity ( R) with the
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wavelet ( W ) can produce the synthetic
seismogram in forward modeling as below:
(15)
where * is the symbol of convolution and
reflectivity can be derived by:

Ri =

Z Pi+1 − Z Pi i
Z Pi+1 + Z Pi

(16)

However, the main interest for geoscientists
is to understand the detailed geological
and rock physics model from the seismic
data. Seismic inversion can be performed,
post-stack and pre-stack. The purpose of
post-stack seismic inversion is to recover
the acoustic impedance (Zp) from an estimation of the reflection coefficient of the
subsurface layers.
The algorithm we used for pre-stack inversion is the simultaneous inversion described
by Hampson et al, 2005. In simultaneous
inversion, pre-stack data are inverted to
P-impedance, S-impedance, and density
volumes simultaneously. Simultaneous inversion can solve the Fatti et al. (1984) equation
which modifies the Aki-Richards equation:
(17)
Where R P, RS, R D are the P-, S- and density
reflectivities, respectively. a, b, and c can be
defined as below:
(18)
(19)

	
  

	
  

(20)

	
  

	
  
where W (θ) is the wavelet matrix which is
dependent to θ (angle of incidence), D is the
derivative matrix, and L is the log of the
impedance values defined below:

(21)
(22)
(23)
where Zp and Zs are acoustic impedance and
shear impedance, respectively. The pre-stack
simultaneous inversion process was then
repeated for the monitor survey. As
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Figure 9: A section from difference acoustic impedance volume taken from pre-stack inversion, yellow color
zones indicate higher difference between base and monitor surveys.

mentioned earlier, the main focus on time-lapse seismic inversion is to derive the difference
volumes for seismic attributes and compare them to production-related variations in the reservoir. Figure 9 shows a seismic section from the difference acoustic impedance volume derived
from time-lapse pre-stack simultaneous inversion, where the yellow color zones highlight higher
differences between base and monitor surveys. The low frequency model is also changed from
base to monitor surveys by applying low frequency scalers which derive the low frequency
velocity model using time-delay data in the base horizon.
With the availability of acoustic impedance, shear impedance and density volumes for both the
base and monitor surveys from time-lapse pre-stack inversion, we can extract different seismic
attributes from by manipulating the pre-stack inversion outputs in various ways. Furthermore,
extracting the differences in the seismic attribute volumes between the base and monitor
surveys will highlight changes in the reservoir during the production. Here, we specifically
discuss about the Lamé attributes.
LambdaRho (λρ) and MuRho (μρ) are two attributes used to detect fluid and lithology changes
in the reservoir. The application of these two attributes in reservoir characterization was initially
proposed by Goodway et al (1997). According to Goodway et al (1997), LambdaRho is more
sensitive to fluid changes and MuRho is more sensitive to lithology changes. LambdaRho and
!" = !!! − 2!!!
MuRho are defined as below:
(24)
!" = !!! − 2!!!

(25)

Figure 10 shows an NRMS difference map of LambdaRho and MuRho in the reservoir zone. It is
evident from the results that LambdaRho can give higher NRMS changes closed to the
producing CHOPS wells in the studied seismic area. MuRho changes, more related to the
lithology changes in the reservoir, identify the wells which were newly drilled and hence had
higher sand production. It should also be mentioned that these anomalies cannot be effected
by noise in the seismic data. Since cross-equalization processing steps were done on the data
before any analysis to remove noisy data. The complete process of cross-equalization can be
found in Riazi and Lines (2013).
The Lambda/Mu ratio is also proven to be applicable in detecting the fluid effect, since by
taking the ratio of LambdaRho over MuRho we remove the effects of density and enhance the
fluid effects (Riazi et al, 2014). Figure 11 shows a seismic section which displays the difference in
the Lambda/Mu ratio between the base and monitor surveys. The high-difference zones, shown
in yellow, are highly correlated with areas with high gas and oil production.
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comparison between the time-lapse results,
NRMS maps are also made between the top
and base of the reservoir. Time-lapse fluid
factor and time-lapse Lamé attributes show
higher average NRMS changes compared to
other results. Figure 13 and Figure 14 illustrate
the results of NRMS maps in the reservoir
zone of the studied CHOPS field for fluid
factor and Lambda/Mu ratio results. The
anomalous zones indicate 8% and 26%
change in NRMS values of fluid factor and
Lambda/Mu ratio.
Figure 10: NRMS difference map of LambdaRho and MuRho in the reservoir zone.

In Figures 13 and 14, we also compared the
difference in the cumulative hydrocarbon
production with the results of the fluid factor
and Lambda/Mu ratio. In this figure, bubble
size corresponds to the volume of cumulative
hydrocarbon production in the wells.

Figure 11: A seismic section of Lambda/Mu difference volume.

Discussion
Optimizing the results from the available geological and geophysical data is the goal of today‘s
oil and gas industry. Deriving reliable and helpful results from different geophysical techniques
were achieved in this paper by applying time-lapse AVO techniques and time-lapse seismic
inversion. We could extract different time-lapse attributes from these techniques to monitor
heavy oil production results.
Figure 12 illustrates the NRMS difference map of Lambda/Rho in the reservoir zone. The
highest changes (high NRMS value) among all extracted attributes can be seen in this attribute
map. The anomalous zone observed by the Lambda/Mu ratio difference can discriminate the
effect of wormholes and production footprints in heavy oil CHOPS fields. These results can help
engineers to develop heavy oilfields in the areas where wormholes and footprints are more
prominent. One of techniques which shows the quality of difference between two seismic
parameters is normalized RMS (NRMS)
method. NRMS technique computes the
difference between two elements in the base
and monitor surveys normalized by the
average of the parameters in the base and
monitor surveys. It can be defined as
Equation 26:

NRMS =

Figure 12: NRMS difference map of Lambda/
Mu difference.

200 ⋅ RMS(mt − bt )
RMS(mt ) + RMS(bt )

Figure 13: NRMS map of fluid factor attribute with
accumulative hydrocarbon volume difference in the
production time. Bubble size correlates with the
volume of cumulative oil production between base
and monitor surveys.

(26)

where mt is the parameter from the monitor
survey, and bt is the correspondent parameter from the base survey. If we have no
difference between the base and monitor
surveys, the NRMS value is 0. For a better

Figure 14: NRMS map of Lambda/Mu ratio attribute
with accumulative hydrocarbon volume difference in
the production time. Bubble size correlates with the
volume of cumulative oil production between base
and monitor surveys.
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Comparing the results of time-lapse seismic attributes, we can
conclude that Lamé attributes and in particular the Lambda/Mu ratio,
show higher correlation to the hydrocarbon production in the heavy oil
reservoir. Furthermore, it shows the greatest changes in NRMS values.
These anomalous zones can be attributed to wormholes and heavy oil
footprints in the reservoir. Identifying these heavy oil footprints plays a
significant role in the development of the reservoir.

Conclusions
Extracting the optimum information from the time-lapse seismic data
is an important process in understanding the changes observed in the
reservoir during a recovery process and hydrocarbon production. This
helps in making a reliable management and development decision in
the reservoir. Due to the variation in saturation and pressure changes
occurring in the reservoir during the recovery process and hydrocarbon production in the heavy oil reservoirs, the velocity and density
change in the reservoir. Time-lapse seismic data allows geophysicists
to estimate the changes in the elastic parameters during the time
between the seismic surveys acquisition times. In this way, time-lapse
seismic attributes can be beneficial for geoscientists and engineers for
detecting even small changes in the reservoir. We extracted the
time-lapse seismic attributes by using two techniques, seismic AVO
analysis and seismic inversion analysis. Then, using elastic parameters
for the base and monitor seismic surveys from AVO and inversion
techniques, we could extract different useful attributes. Therefore,
Lamé attributes and the fluid factor attribute are the most successful
attributes in this heavy oil case study. We could show that higher
NRMS values are observed in fluid factor and Lamé attributes. We also
showed that these changes are correlated well with the cumulative
hydrocarbon production in the studied CHOPS reservoir. These
changes can also be attributed to the wormhole zones and heavy oil
footprints in the reservoirs. Detecting these zones can help petroleum
engineers develop the reservoir and future infill well drilling.
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