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ABSTRACT

Simultaneous extraction of oil and sand during the heavy oil cold production
generates high porosity channels termed “wormholes’. The development of wormholes
causes reservoir pressure to fall below the bubble point, resulting in dissolved-gas
coming out of solution to form foamy oil. Both foamy oil and wormholes are believed to
be two key factors in the enhancement of cold heavy oil production. In enhanced oil
recovery, it isimportant to map cold production reservoir changes due to wormholes and
foamy oil. It is the purpose of this thesis to use seismic monitoring methods to map cold

production footprints.

The presence of small amounts of gas trapped in the foamy oil can dramatically
decrease the fluid bulk modulus, reducing the P-wave velocity of saturated sands, while
dightly increasing the S-wave velocity. The V,/V; ratio and Poisson’s ratio have a

subsequent reduction.

The viscosity of heavy ail is primarily a function of oil gravity and temperature.
Increasing the temperature will decrease sample's viscosity, causing both bulk and shear
moduli to decrease approximately linearly with increasing temperature. Moreover, the
frequency aso plays an important role for seismic waves in heavy oil. For heavy ail in
the 10-20 API range at ambient temperature of 20 °C, the shear modulus is negligible
and heavy oil ill acts like a liquid at seismic frequencies, especially after cold



production. Gassmann’s equation can still help us understand the seismic response of

heavy oil reservoirsfor pre- and post- cold production.

The V,/V; ratio is a function of both fluid bulk modulus and porosity. For
unconsolidated sands with high porosity, pore fluids have a significant influence on final
V,/Vs rétio. Due to the dramatic reduction of fluid’s bulk modulus after heavy oil cold
production, the V,/V; ratio will have a detectable reduction, even though the increasing
porosity from wormholes slightly increases the V,,/V; ratio. For unconsolidated sands, the
lower pore pressure and increasing differential pressure will also tend to decrease the

fina V,/V ratio.

Interpreting multicomponent seismic data to get V,/V; ratio maps from traveltime
measurements on vertical and radial component data is straightforward. Error anaysis
and practical mapping tell us that the calculated V,/V ratio will not be overly sensitive to
the choice of picking surrounding formations. Traveltime interval mapping of V,/V; ratio
provides a robust method for us to monitor the reduction of V,/V ratio due to heavy oil
cold production. Although traveltime picking is relatively insensitive to spectra
differences between components, bandpass filtering can provide some improvement to
the quality of final V,/V; ratio map, by enhancing the similarity between PP and PS

sei smic volumes.

The difference of Poisson’s ratio between pre- and post-production will create
different AVO responses. The calculated result from fluid substitution reveals that there
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is about 10% reduction of P-wave velocity, about 30% reduction of saturated bulk
modulus and about 20% reduction of Poisson’s ratio due to heavy oil cold production.
Further calculations indicate that there is about 20% reduction of the V,/F; ratio after
heavy oil cold production. Meanwhile, there is no detectable difference between the pre-
production and the wet case. Hence, we cannot readily use V,/V; ratio and AV O analysis

to differentiate heavy oil and brine saturated sands.

Synthetic seismograms from the results of fluid substitution reveal that al the AVO
responses for pre- and post-production and the wet case belong to Class IV AVO
anomalies, as described by Castagna et al. (1998). The AV O response for post-production
IS separated from the other two cases. Although using the product of intercept and
gradient is difficult to discriminate Class IV AV O responses, the fluid factor is useful to
interpret Class IV AV O response. Because V,/V; ratios vary with time, a calibrated time

varying gain function g(z) will give a better estimate of the fluid factor for the target zone.

For thein-situ well, four methods to do fluid substitution are performed, one of them
using available S-wave sonic log data, others not using available S-wave sonic log data.
The Greenberg-Castagna calculation gives the closest calculated S-wave log data to the
actual S-wave log data with using available original S-wave log data. Assuming
Castagna’ s equation is correct for the wet case, the calculations give arelatively small S-
wave velocity, while assuming dry rock Poisson’s ratio, the calculations give a relatively

high S-wave velocity. But overall, al of the methods give the similar AV O response from



the top of the target zone, which are Class IV AV O responses, and the AVO responses

for post-production are separated from other two cases.
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Figure6.8: Picked events from the top of the reservoir in three synthetic seismograms.

The above AVO responses for all three conditions do not belong to any of the

three classifications given by Rutherford and Williams (1989), which is based only on the



91

P-wave normal incidence reflection coefficient. Castagna et al. (1998) augmented
Rutherford and Williams’ classification based on both intercept and gradient, and defined
Class IV with negative intercept, but positive gradient, whereas both intercept and
gradient of Class III are negative (Figure 6.9). In other words, Class III sands are lower
impedance than the overlying shales (classical bright spots), and exhibit increasing
reflection magnitude (more negative) with offset, and Class IV sands are also lower
impedance, but reflection magnitude decreases (positive gradient) with increasing offset

(Figure 6.10).

Table 6.3 summarizes the possible AVO behavior for the various types of gas sands
(Castagna et al., 1998). They found either an A-B quadrant identification or an
augmented Rutherford and Williams’ classification to be more informative than one based
only on the normal-incidence compressional wave reflection coefficient. Class IV sands,
though not explicitly discussed by Rutherford and Williams, may be considered to be a

subdivision of their Class III sands.
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Figure 6.9: AVO intercept (4) versus gradient (B) crossplot showing four possible
quadrants (Castagna et al., 1998).
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Rutherford and Williams’ classification of sands (Castagna et al., 1998).

Table 6.3: Top sand reflection coefficient versus offset behavior for the four augmented
Rutherford and Williams® Classes I-1V, assuming a typical “background” trend with
negative slope (Castagna et al., 1998).

Class Relative impedance Quadrant A B Remarks
I Higher than overlying v + — Reflection coefficient (and
unit magnitude) decrease with
increasing offset
I About the same as the HIorIv + — Reflection magnitude may in-
overlying unit crease or decrease with offset,
and may reverse polarity
11 Lower than overlying 11 - — Reflection magnitude in-
unit creases with offset
v Lower than overlying I - + Reflection magnitude de-

unit

creases with offset

Class IV sands frequently occur when a porous sand is overlain by a high-velocity
unit, such as a hard shale (e.g., siliceous or calcareous), siltstone, tightly cemented sand
or a carbonate (Castagna et al., 1998). Table 6.4 gives well log V), V; and density for a
sand and an overlying shale and tight unit. Castagna et al. (1998) showed that when the

sand is overlain by shale, the AVO intercept (4) is large and negative, and the AVO
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gradient (B) is negative. This falls in quadrant III of Figure 6.9, and represents a typical
well behaved Rutherford and Williams’ Class III sand. However, when the overlying unit
is a tight unit, the AVO intercept (4) is large and negative, but the AVO gradient (B) is
positive. Thus, although one would classify this reflection as Class III based on
compressional wave impedance contrast alone, the reflector falls in quadrant II of Figure
6.9, since its amplitude decreases with offset. Furthermore, the same sand produces very
different AVO behavior depending on its overlying shale. Thus, it is incorrect to classify a

reflector based on the properties of the sand alone.

Table 6.4:  Well log velocities and densities for an East African gas sand and overlying
strata (Castagna et al., 1998).

Ve s o
Lithology (m/s) (m/s) (gm/cm?)
Shale 2900 1330 2.29
Tight unit 3250 1780 2.44
Gas sand 2540 1620 2.09

To understand this unusual but highly significant behavior, Castagna et al. (1998)
referred to the original Richards and Frasier (1976) approximation as given in Aki and
Richards (1980) to approximately decompose the contributions to the reflection
coefficient variation with offset by changes in V), V' and density (p). Actually, from the
approximation of Wiggins et al. (1983) as given in Hilterman (2001), we can also get a

clear understanding of this unusual behavior:
R(O) = R,+(R, - 2Rs)sin2 g , (6.37)
where 6 is P-wave incidental angle, R, and R, are normal-incidence reflection coefficients

of P-wave and S-wave respectively. From above equation, the AVO intercept (4) and

gradient (B) can be easily expressed as:
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(6.38)

(6.39)

For V,, Vs and density (p) given in Table 6.4, when the gas sand is overlain by
shale, R, and Ry are -0.1115 and 0.0529 respectively, and gradient B is -0.2173. However,
when the gas sand is overlain by tight unit, R, and R, are -0.198 and -0.124 respectively,
and gradient B 1s +0.05, which is a positive value, the reflection magnitude will decrease

(more positive) with offset.

As to the in-situ case, the target zone of the Middle Bakken member is overlain by
the Upper Bakken member with black, pyretic carbonaceous and fissile shale (Mageau et
al., 2001). Original well log V,, Vs and density (p) for the Middle Bakken member and the
overlying Upper Bakken member are listed in Table 6.5, the relevant R, and R, for
pre-production condition are -0.246 and -0.262 respectively, thus intercept 4 and gradient
B are -0.246 and +0.278, the reflection coefficient of the top of the Middle Bakken
member sand becomes more positive with increasing offset, yet decreases in amplitude
with offset. For post-production condition, R, and R, are -0.331 and -0.279 respectively,
thus intercept A and gradient B are -0.331 and +0.227, with more negative intercept,

similar positive gradient.

Table6.5: Well log velocities and densities for the in-situ case.

Lithology V,(m/s) | Vy(m/s) | p(g/ce)
Upper Bakken carbonaceous shale 4300 2200 2.5
Middle Bakken sand (pre-production) 3100 1530 2.1
Middle Bakken sand (post-production) 2700 1550 2.0
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With the aid of Richards and Frasier’s (1976) approximation, Castagna et al.
(1998) further pointed out that the contribution due to the density contrast has a positive
slope for both Class III and IV sands, whereas the contribution due to the V), contrast has
a negative slope. However, the key parameter is the shear wave velocity contrast. When
sands have higher shear wave velocity (Class III), the shear contribution becomes more
negative with increasing offset, thereby enhancing the total amplitude. On the other hand,
when pay sands have lower shear wave velocity (Class IV), the shear contribution
becomes more positive with increasing offset. The net result is a small decrease in the
total reflection coefficient with increasing offset, thereby resulting in a Class IV sand in

quadrant II, having a positive gradient B.

Most importantly, Castagna et al. (1998) pointed out that whereas Class IV sands
exhibit unexpected absolute AVO behavior according to established rules of thumb and
are difficult to interpret on partial offset stacks or using product (4XB) indicators, they do
not confound A versus B crossplot based indicators, such as Smith and Gidlow’s (1987)
fluid factor. The “fluid factor” concept was introduced in Smith and Gidlow (1987) to
highlight gas bearing sandstones. The crossplot of V), against V' in Figure 6.11 is derived
from Castagna et al. (1985). Water saturated sandstones, siltstones and shales fall
approximately along the mudrock line. Gas saturated sandstones have lower P-wave
velocities and slightly higher S-wave velocities (Domenico, 1974) and therefore fall in
the indicated gas zone. Based on the equation of the mudrock line given by Castagna et al.

(1985),

v, =1360+1.16V, (m/s), (6.40)

Fatti et al. (1994) derived the following equation:

R, =1.16(¥,/V,)R, =0 . (6.41)

This relationship holds true along the mudrock line, and the fluid factor (AF) was defined
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by Fatti et al. (1994) as:

AF =R, -1.16(V,/V,)R, . (6.42)

If the layers above and below the boundary that produce a reflection lying on the
mudrock line, then AF" =0. But if one of the layers lies on and the other lies off the
mudrock line, then AF #0. For example, if one of the layers is a shale or a water
sandstone and the other layer is a gas sandstone, this produces a nonzero value of AF. For
the in-situ case, the gas sandstone is replaced by foamy oil sandstone, we would expect
nonzero values of AF at the top and base of foamy oil sandstones, but zero values of AF
for all other boundaries. The amplitude of the AF “reflection” from gas sandstones should
be proportional to the separation between the gas sandstone and mudrock lines in Figure

6.11.
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Figure 6.11: Diagrammatic crossplot of P-wave velocity against S-wave velocity
(Castagna et al., 1985).
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Fatti et al. (1994) also gave another way of looking at equation (6.42): AF is the
difference between the actual P-wave reflection coefficient R, and the calculated P-wave
reflection coefticient (1.16(Vy/V,)R;) for the same sandstone in a water saturated state.
The calculated P-wave reflection coefficient is determined from the S-wave reflection
coefficient (R,) using the local mudrock line relationship. Finally, Fatti et al. (1994)

re-wrote the equation (6.42) as:
AF(t) =R, (1)~ g(OR(1) , (6.43)

where,
= two-way time;
AF(t)=fluid factor trace;
R,(t)=P-wave reflectivity trace;
Ry(1)=S-wave reflectivity trace;
g(t)=M(Vy/V,)=a time-varying gain function;
M=slope of the mudrock line, which could be an appropriate local value, rather

than that of Castagna et al. (1985).

The function g(z) is time-varying because V/V, varies with time (Figure 6.12),
and the slope of the mudrock line also vary with depth. Figure 6.13 is the crossplot of V),
against V; for the whole well depth from the in-situ well, the regressional relationship

between V), and Vi is:

v, =1128.15+1.30793V, (ms), (6.44)

and M is 1.30793. Meanwhile, the regressional relationship between V), and V; from the

crossplot of V), against V; around the target zone for wet condition (Figure 6.14) is:

V, =734.648+1.57527V, (m/s), (6.45)

and M is 1.57527. Combined with the value of V,/V; ratio (=2.1) around target zone in
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Figure 6.10, the most appropriate value of g(?) around target zone is about 0.75. If we

know R, and R;, then equation (6.43) could be used to calculate the fluid factor.
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Figure6.13: Crossplot of ¥, against V; for the whole well depth from the in-situ well.
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Figure6.14: Crossplot of V), against V for the target zone from the in-situ well.

To get the fluid factor, the synthetic seismograms for wet condition, pre- and
post-production conditions are concatenated into one volume with replicating each of the
input volumes 5 times prior to concatenation (Figure 6.15). The first six gathers is for wet
condition, the second six gathers is for pre-production, and the third ones is for
post-production. Then, the concatenated volume is analyzed to determine the zero-offset
P-wave and S-wave reflection coefficients at each time sample, based on the Geostack
method described by Fatti et al. (1994) and given by Hampson-Russell software, which

describes the amplitude of any pre-stack data sample as:

D(x,t) = R,(t) *a(x,t) + R () *D(x,1) , (6.46)

where a(x,t) and b(x,t) are functions of the incidence angle of P-wave at this sample.
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Figure 6.15: Synthetic seismograms for wet condition, pre- and post-production

conditions are concatenated into one volume with replicating each of the input volumes 5
times prior to concatenation.

When the AVO attributes of R, and Ry are calculated for every time sample in
each gather, the fluid factor could be further calculated based on equation (6.43) and
viewed in a single output window to see the difference of the fluid factors for the three
separate conditions (Figure 6.16). The first six traces is for wet condition, the second six
traces is for pre-production and the third six traces is for post-production. As described in
this figure, the trace data is R, and the fluid factor is shown in color. Figure 6.17 is the
fluid factor with default g(?) from software. Comparing these two figures, both reveal the
different fluid factors around the target zone (700-710 ms) between post- and
pre-production conditions, but the fluid factor with g(7)=0.75 give a better discrimination
between post- and pre-production conditions, while the fluid factors for pre-production

and wet conditions are similar in both figures.
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Figure6.17: Fluid factors for the three separate conditions with default g(z).

Figure 6.18 shows all three V,/V, ratios for pre-production, wet and
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post-production conditions after fluid substitution. The curve in Track 4 is the difference
of V,/V; ratios between post- and pre-production conditions (Track 3 and 1). There are
about 0.2 reduction of V,/V; ratio after heavy oil cold production and about 10%

reduction shown in Track 5. This figure provides a similar result with that described in

Chapter 4.
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Figure 6.18: All three V,/V, ratios for pre-production, wet and post-production
conditions after fluid substitution and the difference of V,/V; ratios between post- and
pre-production conditions.

For the case when the S-wave sonic log data is not available, all of the three
methods described in 6.3 to perform fluid substitutions are tested for the in-situ well
without using the available S-wave sonic data and the results are shown in Figure 6.19
and 6.20, together with the result using available S-wave log data. In Figure 6.19,
S-wave GC PRE is calculated S-wave log data for pre-production using
Greenberg-Castagna’s calculation, S-wave DP PRE is assuming dry rock Poisson’s ratio,

S-wave C PRE is assuming Castagna’s equation is correct for wet case, while S-wave-1
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is original S-wave log data. For P-wave and Density logs data, the denotations are same.
In Figure 6.20, the denotations are similar with that in Figure 6.19, except that POST
denotes post-production and P-wave S POST, S- wave S POST and Density S POST
are the results with using available S-wave log data to do fluid substitution. The
conclusions from these two figures are that these methods, whether using or not using
original S-wave log data, will result in same P-wave and Density logs data, similar and
some kind of different S-wave logs data. In both figures, the closest calculated S-wave
log data to the S-wave log data with using available original S-wave log data is from
Greenberg-Castagna’s calculation. Assuming Castagna’s equation is correct for wet case
gives a relatively small S-wave log data, while assuming dry rock Poisson’s ratio gives a
relatively high S-wave log data. But overall, all of the methods give the similar AVO

response from the top of the target zone (Figure 6.21).
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CHAPTER 7
CONCLUSIONSAND FUTURE WORK

Simultaneous extraction of oil and sand during the heavy oil cold production
generates high porosity channels termed “wormholes”. These highly permeable
wormhole channels have been observed in post-production logging and radioactive tracer
tests in the field. The development of wormholes causes reservoir pressure to fall below
the bubble point, resulting in dissolved-gas coming out of solution to form foamy oil.
Both foamy oil and wormholes are believed to be two key factors in the enhancement of

oil recovery.

The presence of small amounts of gas trapped in the foamy oil can dramatically
decrease the fluid bulk modulus, thereby reducing the P-wave velocity of saturated sands,
while slightly increasing the S-wave velocity. Therefore, Poisson’s ratio and V,/V; ratio

have a subsequent reduction.

To detect what kind of roles seismology can play to map the disturbance of initial
reservoir state, Lines et al. (2003) revealed the possibility of detecting wormhole
presence instead of imaging individual wormholes by normal seismic method. Chen et al.
(2004) calculated elastic parameters of heavy oil reservoir before and after cold
production based on Gassmann’s equation, and discussed the use of time-lapse reflection
seismology theoretically for detecting the presence of foamy oil and wormholes. Zou et al.
(2004) analyzed a repeated 3D seismic survey over a cold production field in eastern

Alberta, showed an interesting correlation between time-lapse seismic changes and heavy
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oil cold production. All of the above research is encouraging and confirms that time-lapse
seismology can play an important role in mapping the disturbance of initial reservoir state

due to heavy oil cold production.

In exploration seismology, seismic waves bring out subsurface rock and fluid
information, which can be obtained from seismic traveltimes, reflection amplitudes, and
phase variations. Seismic data are now commonly analyzed for determining lithology,
porosity, pore fluids, and saturations, because rock physics bridges seismic data and
reservoir properties and parameters. Gassmann’s equation has been used for calculating
the effect of fluid substitution on seismic properties using the matrix properties. But one
of the assumptions for the accuracy of Gassmann’s equation is that the pores are filled
with a frictionless fluid (liquid, gas, or mixture). This assumption implies that the
viscosity of the saturating fluid is zero. In reality, heavy oil is defined as not only having
high densities, but also having extremely high viscosities. The calculations using

Gassmann’s equation for heavy oil are questionable.

To get around this problem, Hornby et al. (1987) predicted the behavior of oil
sands using scattering theory, which is equivalent to the Hashin-Shritkman lower bound.
The model assumes that the sands grains are suspended in a host of heavy hydrocarbons.
Equations from scattering theory are only applicable when pore fluid is just heavy oil,
otherwise, if there is water and/or gas, the calculated saturated shear modulus y* will be

zero and the velocity of shear wave will be zero, too.

Fortunately, Batzle et al. (2006) found that although viscosity is influenced by
pressure and gas content, it is primarily a function of oil gravity and temperature.

Increasing the temperature will decrease sample’s viscosity, both bulk and shear moduli
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decrease approximately linearly with increasing temperature, and the shear modulus
approaches zero at about 80 °C. Moreover, the frequency also plays an important role for
traveling waves in heavy oil. At high frequencies, such as with laboratory ultrasonics,
heavy oil sample is still effectively a solid at low temperature (0 °C), but for not
extremely heavy oil, at seismic frequencies, by +20 °C, the shear modulus of heavy oil is
negligible and heavy oil acts still like liquid, especially after cold production when foamy
oil is created due to the dissolved gas from heavy oil, and the mobility of reservoir fluids

is improved much. In this case, Gassmann’s equation can still help us understand the

response of heavy oil reservoir to seismic survey for pre- and post- cold production.

V,/Vi ratio is a function of both fluid bulk modulus and porosity. For
unconsolidated sands with high porosity, fluids in the pore have a significant influence on
final V,/V; ratio. Due to the dramatic reduction of fluids bulk modulus after heavy oil

cold production, V,/V; ratio will have a detectable reduction, even though the increasing

porosity from wormholes has an opposite effect and will increase V,/V; ratio a little bit.
Meanwhile, for unconsolidated sands, lower pore pressure and increasing differential

pressure will decrease the final V,/V ratio too.

Interpreting multicomponent seismic data to get the V,/V; ratio map from
traveltime measurements on vertical and radial component data is straightforward. But in
practice, it is often difficult to resolve reflections from the top and bottom of the target
layer, especially for the PS seismic data. Usually, we will have to select the reference

horizons from above and below our target formation. Error analysis and practical

mapping tells us that the calculated V,/V; ratio will not be overly sensitive to the choice

of picking surrounding formations and is a robust method for us to monitor the reduction

of V,/V, ratio due to heavy oil cold production.
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The frequency spectra of PP and PS seismic volumes in the depth of our target

formation are often quite different. Although the picking is relatively insensitive to

spectral differences between components, bandpass filtering can provide some

improvement to the quality of final V,/V; ratio map, by enhancing the similarity between

PP and PS seismic volumes.

The difference of Poisson’s ratio between pre- and post-production will create
different AVO responses. The calculated result from fluid substitution reveals that there
about 10% reduction of P-wave velocity, about 30% reduction of saturated bulk modulus
and about 20% reduction of Poisson’s ratio due to heavy oil cold production. Further
calculation displays that there is about 0.2 reduction of V,/V ratio after heavy oil cold
production. Meanwhile, there is no detectable difference between pre-production and wet

case. It means that we cannot use V,/V; ratio and AVO analysis to originally find heavy

oil field.

Synthetic seismograms from the results of fluid substitution reveal that all the AVO
responses for pre- and post-production and wet case belong to Class IV, which is given by
Castagna et al. (1998). The AVO response for post-production is separated from the other
two cases. Although using the product of intercept and gradient is difficult to discriminate
Class IV AVO responses, the fluid factor is useful to interpret Class IV AVO response.
Because V,/V ratio varies with time, calibrated g(?) will give a better result of fluid factor

for the target zone.

For the in-situ well, four methods to do fluid substitution are performed, one of

them using available S-wave sonic log data, others not using available S-wave sonic log
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data. Greenberg-Castagna’s calculation gives the closest calculated S-wave log data to the
calculated S-wave log data with using available original S-wave log data. Assuming
Castagna’s equation is correct for the wet case gives a relatively small S-wave velocity,
while assuming dry rock Poisson’s ratio gives a relatively high S-wave velocity. But
overall, all of the methods give the similar AVO responses from the top of the target zone,
which are Class IV AVO responses, and the AVO responses for post-production are

separated from other two cases.

In order to obtain the change of V,/V; ratio during reservoir production, we could
use time-lapse AVO on single component data. However, multicomponent time-lapse
seismic surveys would allow us to find the time variation of V,/V, ratio more directly.
These multicomponent time-lapse seismic surveys were not completed in this heavy oil

field, but this would be a very interesting future project.

This study has examined the effects of cold heavy oil production on both model
and real data. The study shows that cold production has an effect on both ¥, and V;
velocities, which in turn affects seismic amplitudes and traveltimes. These exciting
results should be examined further using time-lapse multicomponent seismology as a

reservoir characterization tool.
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