seismic, which is not sensitive to the absolute values, only
the contrasts. There is a risk of reasonably matching the
effective properties but significantly departing from the
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and reservoir performance prediction.
Introduction

Petrophysical Seismic Inversion, PetroS|, isaninnovative stratigraphic inversion schemethat simultaneously integrates
any number of seismic volumeswith petrophysical and geological datathrough apetro-elastic model (PEM). Weinvert directly
Detailed 3D reservoir models are increasingly

for key reservoir rock and fluid propertiesin a3D geocellular model at different vertical scalesto produce an optimal solution.
PEM’srelate the inverted propertiesto the seismic response and al so maintain consistency between the time, depth and derived
velocities throughout the inversion process. These innovations allow us to overcome the limitations faced by many existing
techniques regarding resolution, vertical domain and the link between seismic response and reservoir properties. Theresult is
afine-scale shared earth model that is consistent with both log and seismic dataand is especially amenable for flow simulation
relied upon for prediction of reservoir performance,

This paper presents the result of a two-year
collaborative R& D project between CGG and Marathon Oil
designed to overcomethese challenges. Thedeliverablewas

especially with flow simulation. These models commonly @ petrophysical seismic inversion workflow and tools to
contain petrophysical information about lithology, rock

properties (such as porosity, permeability, etc) and fluid

saturationson avery finevertical scale, typically of onemeter

or less. Seismic data provide an extensive areal coverage

with denseand regular lateral sampling, however, integration

of seismic data into the reservoir characterization poses a

number of challenges, e.g., the dimensions of the earth are

in lengths while seismic is recorded in time units, seismic

amplitudes respond to changes in elastic properties which
areonly related to petrophysical characteristicsin acomplex
way by many factors, and the vertical resolution that is
recoverable from seismic dataislow compared to thetarget
geologic resolution. Additionally, most of the techniques

generate fine-scale geomodel sthat are fully consistent with
published for estimation of porosity from seismic data can

observed seismic data. A key component of the inversion
methodology is a PEM, or petro-elastic model, that links
thereservoir propertiesstored in the geomodel (e.g., porosity,
rock, and fluid types) to the elastic response.
Petrophysical Seismic Inversion

Petrophysical Seismic Inversion startswith afine-
be described as a sequential two-step approach, seismic
inversion (deterministic or geostatistical) to obtain acoustic
or elastic impedance and transformation of impedance into
petrophysical properties. Most two-step approaches (with
one exception, 8) use the full seismic volumes only in the
first step of seismicinversion and are summarized by acoustic

scale (flow-unit scale) geomodel defined from a 3-D
stratigraphic grid in depth. The PEM(s) isapplied to calculate

elastic propertiesin each cell of the geomodel from stored
valuesof porosity, lithology and saturation. Angle-dependent
reflectivity series are calculated from the elastic properties
through the Zoeppritz equation at each trace location. The
reflection coefficient series are then converted from depth
to time using the velocities stored in the geomodel. Angle-
dependent 3-D synthetics are finally generated by wavel et

convolution. Perturbations of the properties of the geomodel
are introduced using a simulated annealing algorithm to
or elastic propertiesin the second step. However, honoring  optimize the match between predicted and observed angle
these effective propertiesis not equivalent to honoring the  stacks. After convergence, the geomodel honorsthe observed
seismic amplitudes, is consistent with the user-specified
PEM, and integrates inversion-based vel ocities that ensure
coherence between the depth and time domains.
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Changesintheinitial model, such asflow unit scale
lithology distribution, or the modification of the PEM will
lead to different solutions. This allows geologically
meaningful alternative solutionsin thefinal modelsthat are
consistent with the seismic data. This methodology can be
used to build new fine-scale reservoir models as well asto
update existing models that are not yet coherent with
available seismic volumes.

Petrophysical Seismic Inversion works pre-stack
or with partia angle stacksintroducing morethan oneseismic
measurement and therefore provides an additional degree
of freedom for reservoir property prediction. We can expect
to access more than one petrophysical parameter in a
meaningful manner. Traditional pre-stack inversion provides
either compressional and shear impedances (1, and1,) or the
triplet V,, V and density (p). The last three variables are
not independent asthey are the el astic expression of various
petrophysical variables, for example, porosity, sorting, fluid
type and saturations.

Figure 1 shows a simplified illustration of the
workflow. Thisworkflow isusually not asingle passthrough.
Iteration between some of the steps to address a problem
originating at one stage and diagnosed at alater stage should
be expected.

r - o
i T T I .
T - |
e R |
s :.-'--F_; E & *
i, R
Wartyne Seame Wi ‘i vty Smand el LDga Caw
“ahbraim
-
Ftloadaii nlanpiti
s —
g
Deneryd bk

Fig. L: Petrophysical Seismic Inversion workflow.

Initial tiestothe seismic areinvestigated asaquality
control step of the seismic, petrophysics, and PEM. An
acceptable well-to-seismic tie is obtained when the time-
based synthetic seismic forward modeled from the depth-
based fine-scalereservoir propertiesat thewell location using
the PEM reasonably matches the recorded traces, Figure 2.
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Fig. 2. Well calibration. Measured V, V , 1, and, on theright, synthetic

seismic (blue) and real traces surrounding the well (grey) for
three angles.

The forward modeling is of particular importance
because one of the primary tasksin seismic/well calibration
isto bring thetimes derived from the model ed synthetic into
linewith the seismic times. Conventionally, thisisachieved
with the use of tie points and drift curves. Our method
requiresall time and velocity values are consistent with the
reservoir properties from which they are derived in order to
maintain the link through the petro-elastic models.

Inour stratigraphic framework, thefinest scale, V3,
isthetarget scale and is defined by the geologic layering of
theinitial model with atypical layer thickness of one meter
or less, Figure 3. It is the scale at which the petro-elastic
models are considered valid. The intermediate V2 scaleis
thescaleat which acoustic or elasticinversionsare commonly
performed. A V2 layer consists of astack of V3 layerswith
geological significance, typically within two sequence
boundaries or maximum flooding surfaces. The order of
magnitude scale for V2 layers is about ten meters.The
coarsest scale, V1, isdefined by “macro-horizons’, such as
the interpreted seismic events, which are calibrated to well
markersand givethe structural framework of the geomodel.
These three vertical scales provide nested partitions of the
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Fig. 3: Velocity section at different scales inside the same geomodel.
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subsurfacein such away that afine-scalelayer belongsto a
single layer at coarser scale.

There are several reasons to use a layered model
during theinversion instead of the regular time sampling of
the seismic data. First, the stratigraphy is better modeled,
both for geological description and flow unit definition, as
internally similar layers with property contrasts between
layers. Also, seismic amplitude, despite being regularly
sampledintime, isbetter modeled with accurate positioning
of important contrasts beyond the seismic samples. Another
reason isthat in depth, aswell astwo-way time (TWT), the
stratigraphic layering system is preserved. This is true
irrespective of the data acquisition domain, PP or PStime.
Finally, alayered model enablessmall position adjustments,
often smaller than aseismic sample, in the different seismic
cubes to compensate for residual NMO or to model time
shifts and eventually compaction-induced depth shifts
between 4D vintages.

Our petrophysical inversion processisstratigraphic
and model-driven. Thisinitial model isiteratively updated
by perturbing the position of thelayers and the values of the
propertiesuntil all dataand constraints are honored. Oncea
time-depth reference has been defined (usually at a major
seismic horizon), the geologic model isknown both in depth
and time: whileitisoriginally defined in the depth domain,
avelocity can be derived for each cell from its associated
reservoir properties and PEM and can be used to compute
two-way times. In this way, the geologic model is handled
simultaneously in time and depth and depth-specific
constraints can be incorporated into the inversion process.
An important point of the process is that no upscaling of
reservoir or elastic properties needs to be performed to
compute the synthetic seismic: it isdirectly computed from
the fine-scale series of reflection coefficients.

Results

Our petrophysical inversion algorithm has been
validated on synthetic and “live” datasets. The synthetic
dataset presented was constructed to make it asrealistic as
possible and was based on an actual field. It represents a
clastic reservoir with oil and gas trapped in a sand bed
surrounded by shale. Sand and shaleare accordingly assigned
dlightly different petro-elastic models. Real waveletswitha
dominant frequency of 25Hz were used to createthe synthetic
seismic provided as input to the inversion. The “ground-
truth” geologic model was used to generate the seismic and
servesastheexpected “idea” result to which actual inversion
results are compared.

Figure 4 illustrates the solution to an initial model
which was filled with porosity values that are laterally
constant along thelayers. All of thevalueswere significantly
elevated above the true values.

Fig. 4 The known answer isin the left two panels, the input model is

the upper right panel, and theinversion resultsarein the bottom
right panel. Five percent porosity is blue and 31% is red.

Figure 5 presents a second synthetic model which
used a homogeneous model of 20% porosity. The correct
trend has been properly recovered but the vertical pattern
insideall seismic-scalelayersremainsconstant. Thisclearly
illustratesthe fact that with the proposed inversion scheme,
information at sub-seismic resolution comesfromtheinitial
model. For thisreason, an inversion without any prior fine-
scale information in the initial model is equivalent to a
seismic-scale petrophysical inversion.
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Fig. 5:

Homogenous input cube of 20% porosity (top right) and
“seismic-scale” result (lower right).

(836)



6" I nternational Conference & Exposition on Petroleum Geophysics “ Kolkata 2006”

Figure 6 illustrates the input seismic angle stacks
at 15, 22 and 30 degrees, left column, the “residua” or
difference between the initial model’s forward-predicted
seismic response for each angle, center column, and the
residual of the inversion results for the case of Figure 4.

il Inout it Indtial i1 Firal

Fig. 6: Input seismic, initial residual, final residua for angle

stacks of 15, 22, and 30 degrees

A field example from offshore Norway is provided
below. Figure7 shows the predicted response lines of the PEM’s

superimposed on a crossplot of log data.
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Fig. 7: PEM'’s of the field example

Theresult of theinversionisafinely stratified depth
model that best represents the six seismic cubes. In this
specific case, the input geological model was an areally
constant extrapolation of thewell data by layer (lower right
cube of Figure 8). Figure 8 shows two resulting porosity
cubes, the smaller shallower cube above the reservoir and
the broad thin cube from within the reservoir interval.
Although the seismic is satisfactorily reproduced after
inversion, residuals are not small: they contain all the
uncorrelated energy due to artifacts such as multiples and
residual NMO.

Fig. 8: Comparison of inversion input geo-cube, 1 of the 6 input angle-
stack seismic cubes, and 2 resulting porosity cubes. The
reservoir interval cube is built at flow unit scale of
approximately 1 meter thickness.

Conclusion

Simultaneous petrophysical inversion is a step
further towards more accurate and precise reservoir
characterization. It is possibleto obtain ashared earth model
which takes advantage of well and seismic data at their
respective resolutions and honors them in their respective
domains. Different stratigraphicinputswill yield alternative
resultsreproducing the sei smic observations, allowing testing
of scenarios and sensitivities and, through flow simulation,
to assess their economic implications. In our approach, itis
crucial to correctly understand and model the dependencies
between all involved properties. Reconciliation of seismic
and log measurements within a physically plausible petro-
elastic model aso challenges the seismic processing and
model building practicesto provide more quantitative results.

It is reasonable to address the challenges of time-
lapse seismic with the same approach. Using a model
consistent in depth and time is the natural way to address
seismic monitoring. The repeated measurement is in two-
way time but production changes|ead to constraintsthat are
naturally expressed in depth. Different production changes
in pressure and saturation may induceindividually opposing
elastic responses. Directly working with reservoir properties
through a petro-elastic model would reduce potential
interpretation problems.

(837)



References

Maureau, G. and van Wijhe, D.: “The prediction of porosity in the
Permian (Zechstein 2) carbonate of eastern Netherlands
using seismic data’, Geophysics, Vol. 44, No. 9, pp.
1502-1517, September 1979.

Angeleri, GP. and Carpi, R.: “Porosity prediction from seismic
data’, Geophysical Prospecting, Vol. 30, No. 5, pp. 580-
607, October 1982.

Dolberg, D.M., Helgesen, J., Hanssen, T.H., Magnus, 1., Saigal,
G. and Pedersen, B.K .: “Porosity prediction from seismic
inversion, LavransField, Halten Terrace, Norway”, The
Leading Edge, Vol. 19, No. 4, pp. 392-399, April 2000.

Dvorkin, J. and Alkhater, S.: “Pore fluid and porosity mapping
fromseismic”, First Break, Vol. 22, pp. 53-57, February
2004,

Doyen, PM.: “Porosity from seismic data: A geostatistical
approach”, Geophysics, Vol. 53, No. 10, pp. 1263-1275,
October 1988.

Doyen, PM., den Boer, L.D. and Pillet, W.R.: “ Seismic porosity
mapping in the Ekofisk field using a new form of
collocated cokriging”, paper SPE 36498 presented at the
SPE Annual Technical Conference and Exhibition,
Denver, USA, 6-9 October 1996.

Lamy, P, Swaby, PA., Rowbotham, P.S., Dubrule, O. and Haas,
A.: “From seismic to reservoir properties using
geostatistical inversion”, paper SPE 49147 presented at
the SPE Annual Technical Conference and Exhibition,
New Orleans, USA, 27-30 September 1998.

Pendrel, J.V. and Van Riel, P.: “Estimating porosity from 3-D
seismic inversion and 3-D geostatistics’, presented at
the SEG 67th Annual Meeting, Dallas, USA, session
RC 2, pp. 834-837, 2-7 November 1997.

Helgesen, J., Magnus, |., Prosser, S., Saigal, G, Aamodt, G,
Dolberg, D., and Busman, S.: “Comparison of
constrained sparse spike and stochastic inversion for
porosity prediction at Kristin Field”, The Leading Edge,
Vol. 19, No. 4, pp. 400-407, April 2000.

Caldwell, D.H. and Hamman, J.G.: “10l — A method for fine-scale,
quantitative description of reservoir properties from
seismic”, paper B027 presented at the EAGE 66th
Conference and Exhibition, Paris, France, 7-10 June
2004,

Hamman, J.G, Buettner, R.E. and Caldwell, D.H.: “A case study
of a fine scale integrated geological, geophysical,
petrophysical, and reservoir simulation reservoir

characterization with uncertainty estimation”, paper SPE
84274 presented at the SPE Annual Technical
Conference and Exhibition, Denver, USA, 5-8 October
2003.

Pendrel, J.: “Seismic inversion — The best tool for reservoir
characterization”, CSEG Recorder, Vol. 26, No. 1, pp.
18-24, January 2001.

Mazotti, A. and Zamboni, E.: “Petrophysical inversion of AVA
data’, Geophysical Prospecting, Vol. 51, No. 6, pp. 517-
530, November 2003.

Varela, 0.J., Torres-Verdin, C. and Sen, M.K.: “Joint stochastic
inversion of pre-stack seismic dataand well logsfor high-
resolution reservoir delineation and improved production
forecast”, presented at the SEG 73rd Annua Meeting,
Dallas, USA, Session RCT6, pp. 1509-1512, 26-31
October 2003.

Varela, O.J.: Stochastic inversion of pre-stack seismic data to
improve forecasts of reservoir production, PhD thesis,
The University of Texas at Austin, USA, August 2003.

Mavko, G., Mukerji, T. and Dvorkin, J.: The Rock Physics
Handbook: Toolsfor Seismic Analysisin Porous Media,
Cambridge University Press, Cambridge, 1998.

Wang, Z.: “Fundamentals of seismic rock physics’, Geophysics,
Vol. 66, No. 2, pp. 398-412, March-April 2001.

White, R. and Simm, R.: “Tutorial: Good practice in well ties’,
First Break, Vol. 21, pp. 75-83, October 2003.

Ma, X.: “ Simultaneousinversion of prestack seismic datafor rock
propertiesusing simulated annealing”, Geophysics, Vol.
67, No. 6, pp. 1877-1885, November-December 2002.

Gluck, S., Juve, E. and Lafet, Y.: “High-resolution impedance
layering through 3-D stratigraphic inversion of poststack
seismic data’, The Leading Edge, Vol. 16, No. 9, pp.
1309-1315, September 1997.

Bornard, R., Allo, F., Coléou, T., Freudenreich, Y., Caldwell, D.
H., Hamman, J. G.: “A new method to determine more
accurate and precisereservoir properties’, 14th Europec
Biennial Conference, SPE Paper No. 94144, Madrid,
Spain, 13-16 June 2005

Acknowledgments

The authors would like to thank Marathon Oil
Company and Compagnie Générale de Géophysiquefor the
support and permission to publish thiswork and coworkers
of both companies for valuable discussions.

(838)



