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A modern approach : Integrating wells
and multicomponent seismic data for
heavy oil reservoir characterization
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eavy oil reservoirs are
Hdifficult to characterize and
develop without high quali-

ty subsurface imaging and in-depth
knowledge of the reservoir. With
this study, we try to improve reser-
voir understanding by accurate sub-
surface imaging of the Vp/Vs ratio
based on integration of wells and
multicomponent seismic data. It is
well known, especially for heavy oil
projects, that Vp/Vs ratio is a very
good lithology discriminator. In this
paper we provide two Vp/Vs ratio
volumes based on (i) AVO analysis
and simultaneous inversion on
prestack PP data and (ii) joint inver-
sion of PP (vertical) and PS (radial
registered in PP time) poststack
data. The combination of compres-
sional and shear seismic wavefields
from multicomponent surveys can
provide significantly more informa-
tion about the subsurface than con-
ventional surveys. Potential benefits
of multicomponent data include
enhanced structural imaging and
indications of regional stress pat-
terns, lithology and fluid saturation.
The new results are compared with
the previous results based on the
traveltime measurements on the PP
and PS components of the multi-
component records (Lines et al.,
2005).

The area for this project is a
heavy oil field (oil sands of the De-
vonian-Mississippian Bakken Forma-
tions) near Plover Lake,

Saskatchewan, Canada. In this study
we analyzed Nexen's 3D-3C seismic
survey, acquired by Veritas DGC and
processed by Sensor Geophysical.

From the simultaneous inver-
sion on prestack time migrated PP
gathers we derived P-impedance, S-
impedance, density and Vp/Vs vol-
umes. The inversion approach ac-
counts for the petrophysical rela-
tionship that exists in the logarith-
mic domain between: (1) P-imped-
ance and S-impedance and (2) P-
impedance and density. It provides
a significant improvement over sep-
arate inversions of the two AVO
attributes P- and S-wave impedance
reflectivity, particularly for Vp/Vs
ratio estimates. Additional rock
properties, such as rigidity and in-
compressibility were derived from
P-impedance and S-impedance
(Goodway et al., 1997).

The above mentioned petro-
physical relationship were used for
the joint inversion of PP and PS (reg-
istered in PP time) poststack data.
Joint inversion is based on an ex-
tended conjugate gradient tech-
nique, which starts from an initial
low frequency model of P-wave
velocity, S-wave velocity and densi-
ty. As the program iterates, it im-
proves the fit between the recorded
seismic traces and model-based
synthetic traces by locally modify-
ing the P-impedance model togeth-
er with local deviations of the rela-
tionship between P-impedance,

S-impedance and density.

The Vp/Vs volume from simulta-
neous and joint inversion compared
well with the similar volume ob-
tained from a previous study based
only on traveltimes. The new vol-
umes, based on inversion produces
Vp/Vs ratio values with a vertical
resolution of 2ms (sampling rate)
whereas the previous results from
traveltimes are just averaged over
60 ms (Sparky — Torquay interval).
The new results are sharper and
offer more details in identification
of the sand and shale. As expected
by integrating the P-wave and the
converted wave seismic volumes
we obtained a better definition of
rock properties, since converted
wave data should add significant
information to the conventional P-
wave interpretation.

Introduction
Canada, among other countries,
contains significant deposits of
heavy oil and bitumen. These oil-
sands are high porosity and high
permeability unconsolidated reser-
voirs. The viscosity of the oil in
place may range from tens to mil-
lions of mPa at reservoir conditions.
Recent estimates put the primary
recovery of heavy oil at an average
of approximately 8 - 10% of the
original oil in place (OOIP), with sig-
nificant resources remaining as
potential for secondary and tertiary
recovery. Cold Heavy Oil Production
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Figure 1: Plover Lake CHOPS operation map
with Sand (CHOPS) is one of the
main recovery schemes widely and
successfully used for developing
deep reservoirs in Canada. This
became possible with the introduc-
tion of progressive cavity pumps
(PCP) therefore much higher sand
cut in viscous heavy oil could be
expected from unconsolidated/
weakly consolidated formations as
opposed to conventional pumps
with limited capacity. The pumps
act like augers and suck both sand
and oil into the well. The PCP’'s pro-
duce about 60% oil and 40% sand,
at the onset of cold production.
Within few months, these ratios
improve to about 95% oil. CHOPS
operations produce a lot of sand; up
to 560% at the start of production,
reducing rapidly as a percentage
over time. Early production is very
low as the wormholes start to form.

As wormholes develop, production
rises while the proportion of pro-
duced sand reduces, typically to 1-
2% after about 6 months. The for-
mation of wormholes is hard to
predict or control and their growth
is influenced by local stress fields.
With this study, we try to improve
reservoir understanding by accurate
subsurface imaging based on inte-
gration of information from wells
and multicomponent seismic data.
The Plover Lake Oil Sands
Project, conducted by Nexen Inc., is
located in Saskatchewan, Canada
(Figure 1). Oil sands of the Devo-
nian-Mississippian Bakken Forma-
tion are found in NE-SW trending
shelf-sand tidal ridges that can be
up to 30 m thick, 5 km wide and 50
km long. Overlying Upper Bakken
shales are preferentially preserved
between sand ridges. The Bakken
Formation is disconformably over-
lain by Lodgepole Formation car-
bonates (Mississippian) and/or clas-
tics of the Lower Cretaceous Man-
nville Group (Mageau et al., 2001).
The multicomponent 3D seis-
mic dataset was acquired by Veritas
DGC using the VectorSeis® digital

multicomponent recording system
over an 8 square kilometer surface
area. On the project we used one
well with a dipole sonic log, and out
of 100 logged wells, only 29 had
sonic, density and GR logs. The
migrated structure stack for the PP
(vertical) component was produced
by Sensor Geophysical Ltd. as part
of a different CHORUS project. Mul-
ticomponent surveys measure both
the pressure (P) and shear (S) seis-
mic wavefields. This combination
can provide significantly more infor-
mation about the subsurface than
conventional surveys. Potential ben-
efits of multicomponent data in-
clude enhanced structural imaging
and indications of regional stress
patterns, lithology and fluid
saturation.

The estimated Vp/Vs variations
based on traveltime have been
used successfully in mapping oil
sands in heavy oil reservoirs. Now,
we use (i) AVO analysis and simulta-
neous inversion of PP prestack data,
and (ii) joint inversion of PP and PS
(registered in PP time) poststack
data, to estimate the Vp/Vs ratio and
some other attributes (rigidity, in-
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Figure 2: (left) relationship between In(Zp) and In(Zs) based on one dipole well: In(Zs)=1.74*In(Zp)-12.55; (right) relationship between In(Zp) and In(Density) based

on 11 wells: In(Density)=0.23 In(Zp)+3.99.
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Figure 3: Comparison between PP migrated stack (top) and AVO Rp (bottom) showing higher resolution on the AVO Rp

compressibility, density) that are In this project, the regional rock tionship between P-impedance, S-
very useful in lithology discrimina- property trends were derived from impedance and density.
tion. Also, we like to see the poten- logs, over the Waseca-Torquay inter-
tial benefits of multicomponent val. The two background relation- Results
data in imaging lithology variation ships assure some coupling be- P-wave impedance reflectivity (AVO
and fluid saturation. tween physical properties estimat- Rp), the attribute calculated from
ed by the simultaneous inversion. AVO analysis, compares very well
Method The results are P-impedance, S- with the migrated vertical compo-
The AVO analysis was performed impedance, density (based on the nent stack, showing even more
with Fatti's equation on prestack relationship with P-impedance) and details within the Bakken reservoir
time migrated gathers using angles Vp/Vs volumes. (Figure 3).
up to 29 degrees. The resulting Joint inversion is based on an Very interesting structural fea-
AVO attributes are P-wave and S- extended conjugate gradient tech- tures, like the erosional edge of the
wave impedance reflectivities. nique, which starts from an initial Bakken sand ridge and the overlying
Simultaneous inversion analyz- low frequency model of P-wave Lodgepole formation, can be identi-
es prestack gathers to derive P-im- velocity, S-wave velocity and densi- fied on the SE corner of the horizon
pedance (Zp), S-impedance (Zs) and ty. As the program iterates, it im- slice of the AVO Rp (Figure 4a).
density volumes. It uses the fact proves the fit between the recorded None of these features can be iden-
that the basic variables Zp, Zs and seismic traces and model-based tified on the horizon slice of the
density are coupled by two relation- synthetic traces by locally modify- migrated volume (Figure 4b).
ships which should hold for the ing the P-impedance model togeth- Figure 5 shows results from
background “wet” trend (Figure 2). er with local deviations of the rela- simultaneous inversion on prestack
o8e1eT Eroded Lodgepole Fm.
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Figure 4: (a) Horizon slice of the AVO Rp at Bakken+2ms, (b) Horizon slice of the Migration at Bakken+2ms
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Figure 5: Horizon slice at Bakken+2ms on Vp/Vs volume obtained from (a) simultaneous inversion on prestack PP data and from (b) joint inversion of poststack

PP and PS data.

PP data in comparison with results
from joint inversion of the poststack
PP and PS data. Vp/Vs results ob-
tained from the two inversions are
comparable but it is easy to observe
that joint inversion results are less
noisy and better connected to the
geology.

Since sandstones have larger
S-wave velocities, and hence lower
Vp/Vs ratios than shales, Vp/Vs
maps are good indicators of the
sand and shale distribution. There
is a good agreement between the

properties derived from inversion.
Now, if we compare the Vp/Vs
maps generated from simultaneous
inversion on prestack PP data (Fig-
ure 6b) with the ones obtained from
traveltime (Figure 6a), they both
indicate the same anomalous areas,
although the Vp/Vs values derived
from inversion are generally lower
than Vp/Vs derived from traveltime-
thickness ratios. The inversion
based estimates appear to have
higher vertical resolution when
compared with the ones from

Conclusions

From this study we can formulate

the following conclusions:

* P-wave impedance reflectivity
shows more details when com-
pared with the migrated stack,
opening a perspective for future
interpretation.

* Vp/Vs results calculated by the two
inversion methods are based on
the two regional relationships de-
rived from petrophysical analysis.

* Vp/Vs results obtained from si-
multaneous inversion on prestack

horizon slices of the two physical traveltime. PP data are noisier than results
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Figure 6: (a) Average Vp/Vs for interval Sparky-Torquay as derived from traveltimes (Lines, et al., 2005); (b) Average Vp/Vs for interval Waseca-Torquay from

simultaneous inversion on prestack PP data.
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obtained from joint inversion of
PP and PS poststack data (mainly
because of poor quality of
gathers).

Vp/Vs maps are very similar with
the rigidity maps - both being very
good lithology discriminators.
Vp/Vs results for the Sparky/Wase-
ca-Torquay interval show the same
general features as previously
presented by Lines, et al., (2005).
integrating converted-waves and
PP data we can get more accurate
physical properties volumes that
can help the interpretation.
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