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Introduction

Inversion of seismic data is a widely used tool in the oil and gas industregfimimg the reservoir geom-
etry and characterization. The low vertical resolution of seismic amplitudeisitia main motivation
for implementing a stochastic Bayesian inversion, where information fronvailedle sources is inte-
grated into a consistent reservoir model. The improved vertical resolutioniidy due to the well-log
data whereas the lateral structures are inherited from the seismic datRi@amd Mesdag, 1988; Van
Riel and Pendrel, 2000).

The objective of this study is to develop a quantitative, 2D inversion methdchvaliows characteriza-
tion of fluvio-deltaic sequences at a subseismic scale. Specifically, the feituses on fluvio-deltaic
clinoform systems which are known to have complex internal lithofacies disivifs that are difficult to
image by conventional seismic methods. However, these sedimentary syftimsontain prolific oil
and gas reservoirs, and their accurate characterization is there®iredlin exploration and production.
An earlier attempt to clinoform characterization at subseismic scale wasdanmethod that integrates
a stratigraphic model constructed with quantitative knowledge of the @sarchitecture (Tetyukhina
et al., 2008). The innovation of the proposed method lies in its goal to adeppar-resolution’ tech-
nigue that favors sparse solutions (Van Eekeren et al., 2008) forhraacterization at a subseismic
scale. This inversion method was applied to a 3D seismic data set of an Ugpezdic fluvio-deltaic
system in block F3 in the North Sea.

Field description

F3 is a block in the northeastern part of the Dutch sector of the North Sedangxhe Cenozoic era,
much of this region was occupied by a thermally subsiding epicontinental, basst of which was
confined by landmasses (Sgrensen et al., 1997). During the Neagelientation rates exceeded the
subsidence rate and consequently shallowing of the basin occurredyeAflavio-deltaic system dom-
inated the basin, draining the Fennoscandian High and the Baltic Shield. éffez@c succession can
be subdivided into two main packages, separated by the Mid-Miocenenfémoaty (Figure 1(a)). The
upper package consists of coarser-grained Neogene sediments wittowgplex geometries (Steeghs
et al., 2000). Most of it is a progradational deltaic sequence that canlmbvided into three units cor-
responding to three phases of delta evolution (Figure 1(a)). Unit 2aicting a conspicuous clinoform
package, was chosen as target zone for this study and forms the de#tatfaith a coarsening upward
sequence. Its age is estimated as Early Pliocene.

A 3D seismic survey in block F3 was acquired to explore for oil and gas ipetgurassic - Lower
Cretaceous strata. It has become publicly available and is accompanieddinograph of Aminzadeh
and de Groot (2006). The seismic data are poststack, time-migrated dat@ndars seismic data
processing sequence was applied to the raw data. The seismic cross disgtiayed in Figure 1(b) was
selected to be characterized. Unit 2 has a time thickness of about 230 nssfalhdpenetrated by well

F03-04, whose location is shown in Figure 1(b). Only sonic and gammipgayare available in the
well. A density log was reconstructed from the sonic logs using neuralonkt@chniques (Aminzadeh
and de Groot, 2006).

M ethod

The forward model is a well known one-dimensional convolution model, ilchvtransmission effects
and multiples are neglected. Under the assumption of normal incidence aiimgding waves on the
reflectors, reflection coefficients are determined by the acoustic impeslanc

The exact source wavelet was not available and therefore a statisticatt®on method was used to
estimate the wavelet from the seismic data. The extracted wavelet is a zem-phimmetrical wavelet
with a central frequency of 55 Hz (the wavelength is approximately 40 mud#fd the sonic and density
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logs of the well FO3—-04 as a priori information. In order to use as muclod prformation as possible,
an impedance log — computed from the velocity and density logs — served aptlogi mean vector.

One way to estimate uncertainties in the parameters when only a single well ibkvaElhy using the

histogram of all well measurements obtained from the target zone. Wethisetiandard deviation of
the best-fit Gaussian distribution to the histogram of the acoustic impedatioe laasis for the a priori
covariance matrix.

To enforce a sparse solution we adopted a method by Van Eekeren 20G8) that was successfully
applied to obtain super-resolution reconstruction of small moving objects niéthod employs a simi-
lar data misfit term as in the Bayesian cost function (Duijndam, 1988), bubgmpegularization terms
that favor sparse solutions, i.e., solutions for whi8hz|| ~ 0 for the majority of the samples. The reg-
ularization within one trace is performed by a so-called ‘vertical operaidiis vertical operator favors
a sparse inversion solution in vertical direction, i.e. promotes a blockyt lkgesolution. Addition-
ally, a ‘horizontal operator’ enforces lateral continuity of the 2D ini@rsesults and thereby supports
propagation of the well data along the clinoform sequence.

1D Inversion In order to create the initial model, the well impedance data are resampled vt a ¢
stant time step. The sampling time step determines the desired vertical resoldkiemrsion results.
An initial model for the current trace is the resulting estimate of the previougértied trace. The first
additional term, the so-called vertical operator, is the sum of absoluteatiffes between adjacent
samples in the solution vector of the trace. This term favors solutions in whickuim of gradient
magnitudes is small and is responsible for a sparse layering by penalizalythdifferences between
adjacent samples.

The minimization is done in an iterative way using the Levenberg-Marquartitadewhich assumes
that the cost function has first and second derivatives that exigielere. However, thé&-norm does
not satisfy this assumption. Therefore, we use a hyperbolic norm asucied by Van Eekeren et al.
(2008), for which these derivatives exist while behaving asgnorm. The model parameters are found
by minimizing

F(@) = (y—9(@)"C; ' (y ~ 9(@) + Az — @) C; (& — &) +
F (a2 1-1), M
J

wherex is the vector of unknown acoustic impedancgss the vector of poststack seismic reflection
data at the location of the wel(x) is the forward model based on a 1D convolution with the estimated
wavelet, C,, is the covariance matrix of the poststack seismic datés the mean priorC', is the
covariance matrixj the sample number, andis the regularization parameter.
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Figure 1 (a) Sketch of the Neogene fluvio-deltaic system in the Southern Nortir@eas(eeghs et al.,
2000). (b) The seismic section (inline 441) used in our analysis andicamjavell FO3—-04.
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2D Inversion of the Clinoforms The second additional term, named horizontal operator, is a sum of
absolute differences between lateral samples in two neighbouring seistag.tildhis term accomplishes
two tasks at once. First, it promotes continuity of the inversion results alanglittoform sequence.
Second, it propagates the a priori knowledge from the well to the dutrace. Based on the above
mentioned consideration, a hyperbolic instead offthenorm is used.

The original second term in the cost function, which is the weiglitgshorm of the deviations of the
parameters from their a priori mean values, is omitted starting with the secamlicérace. Here,
the horizontal operator propagates the well data to the current tracataheé same time, takes lateral
variations of the impedances along the sequence into account. The fahotidwe minimized for traces
m>1is

F(a™) = (y™ —g(@™)" C;l (y™ — g(=™)) + MZ(\/(%'” — a2 )2 +1- 1)+

+ 72(\/(3:;7”‘—13;”_1)2—%1—1). @)

Regularization Minimization (of our modified version) of the Bayesian cost function is an isqub
problem and therefore regularization needs to be applied. The paraxssty the balance between the
data misfit and the deviation with the a priori information. Although this term is usgwersion of the
first trace only, it still plays an important role in transferring the well data fh&entire sequence. The
regularization parameter, in front of the vertical operator term, restricts the amount of layers in the
inverted trace. The regularization parametgn front of the horizontal operator term, causes continuity
inside a layer, but it permits a discontinuity if a layer appears or disapp@é&ave chosen a follow
set of the regularization parametevsl, y=4, y=1.

Results

Figure 2(a) illustrates the difference between the initial model (green}rendstimated model (red)
of the first trace, that are superimposed on the actual impedance log. (bhe estimated impedance
depicts a good correlation with the well data. The vertical resolution of theadésthigh and lies be-

yond the seismic resolution; layers with thicknesses of up tof1¢f@he wavelength are well resolved.
Figure 2(b) shows the synthetic seismic trace based on the initial modeh)gtiee synthetic seismic

based on the estimated model (red), on top of the actual seismic data (ltheenelfhod yields a good
match between the estimated model and the actual seismic.

The estimated impedance model of the selected 2D seismic section is shown m KaurThe result
reveals a high degree of lateral continuity of the impedance propertisgtilesequence. The simulated
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Figure 2 Results of the 1D Inversion for the method:initial model (green) and tima&®d model (red)
superimposed on the actual impedance log (blue) (a); traces of thetimseismic based on the initial
model (green), the seismic based on the estimated model (red), aacttia seismic data (blue) (b).
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seismic sections based upon the estimated impedance model are displayeden3fiju The figure
illustrates that the method provides a good match with the seismic data. The &itnacssection is
displayed in Figure 3(c).
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Figure 3 Resulting 2D impedance model of the Clinoforms (a); the simulated seisatiocrsebased
upon the estimated impedance model of the clinoforms (b) and the acismicéc).

Conclusions

The present study proposes a 2D inversion method that allows charmger fluvio-deltaic clinoform
sequence at a subseismic scale. The method is quantitative and espeefllyen important ar-
chitectural elements of a reservoir lie below the resolution of the seismic dainVersion method
presented here shows encouraging results when applied to a clincdguerse from the North Sea.
The results demonstrate a good match with the measured seismic data and walkhfitfo.

The innovation of the method presented here is that the Bayesian objertoteh is successfully mod-
ified by adding vertical and horizontal operators, which favor a gprgersion solution and promote
continuity of the inversion results along the sequence. The latter is rébfefts the propagation of

well data from trace to trace. The vertical resolution of the seismic data wgdylancreased by incor-

porating the well data. The method has the capability to increase the vertiohltien of the resulting

2D geological model to a level defined by the user.
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