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Introduction

The exact spatial extent of potential reservoirs isey descriptor, but only indirectly

present in the reflected wavefields which we atle & measure at the surface. Therefore the
analysis of seismic data is always an inversiorblera. This holds especially for very thin
reservoirs, whose thickness remains entirely at ghle-wavelength scale. In a standard
seismic experiment a source wavelet with a ceftegluency in the range of 30 to 50 Hz is
used. In this case the vertical resolution is im dinder of tens of meters, which means that
layers with smaller thicknesses are not easilygezable on a seismic image as a result of
wavelet interference. Ideally one would like totgahe sub-seismic resolution, i.e., to meter
scale or even sub-meter scale.

Method

In this research we use a Bayesian based inveagiproach, which employs a nonlinear
least-squares estimation for maximizes the a posteprobability. As optimization
methodology the quasi-Newton method with the Broy#etcher-Goldafarb-Shanno
(BFGS) update formula for the Hessian matrix isdugesimple but very useful configuration
to demonstrate the sub-seismic resolution abiliy thin-bed layers is one where a
homogeneous wedge of sandstone is pinched out gusing homogeneous shale and
limestone layers. Based on such a simple three-layedel, the resolution limits and
optimization technique can be easily and succdgstiglsted. The problem is a one-
dimensional seismic inverse problem and concemgstimation of the parameters.

1.1 Simulated field data

The (simulated) geological “field model” consiststhree homogeneous layers (fig.1).
We assume the presence of a nearby well. The rdamis to start at the well and use the
well data (in addition to the seismic data) anchtheve step-by-step away from the well, in
the direction of decreasing thin—bed layer thicknékhe rock types and properties for the
layers are taken from the well. They are typical doreservoir. Their acoustic impedance
contrasts are large enough to cause sufficieneaidfins (Table 1). The thickness of the
pinched-out sandstone layer is taken smaller then vwavelength used in the seismic
experiment. It has been varied from 1/5th of theelength (typical seismic resolution) to
1/100th of the wavelength during the experiment.

In order to simulate the “seismic field data” meealistically, some disturbance layers
were added. These layers are situated within alagth distance from the target sandstone
layer, have small acoustic impedance contrasts thiéhshale and limestone layers, are quite
thin in comparison with the pinched-out sandstamged and the interfaces between these
layers have negative reflection coefficients (Figllhese reflectors complicate the inversion
since they are not visible on the seismic image idtexference. For the sake of clarity the
parameters were chosen to be close to those ¢futtieunding rocks. Layer 2 (disturbance)
and layer 4 (disturbance) were added between thke shspectively the limestone and the
pinched-out sandstone layer. The thicknesses of dikRirbing layers were uniformly
distributed over the interval ranging from Om to &long the profile.

Tablel: Properties of the (simulated) field data

Rock type P-velocitym/s | pensity, kg/n# | Thicknessm

Layer 1. Shale 2900 2400 100

Layer 2 (disturbance). | 2700 2400 Uniformly distributed
"Shale” over the interval [0,1]
Layer 3. Sandstone (20% 3850 2320 varying

porosity, water saturated

Layer 4 (disturbance). | 5300 2540 Uniformly distributed
“limestone” over the interval [0,1]
Layer 5. Limestone (10% 5200 2540 Half-space

porosity ,water saturated
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The forward model used consists of a 1D convolutiwthod with primaries only. The
source wavelet is convolved with the normal-incickemeflectivity time-series to simulate a
1D seismic trace. The convolution is carried outhi@ frequency domain as a multiplication.
Parameters of acquisition: time sampling stéplms, number of samples is 1000.

The Ricker wavelet is a zero-phase wavelet, angesponds to the second derivative of a
Gaussian function. In our experiment the centrdiiency is 30Hz (Fig.2). In a real seismic
experiment the wavelet is generally not known melgi which complicates the inversion
process. Either the amplitude spectrum or the phpsetrum (or both) can be disturbed. In
order to simulate such an affect, we introducedsphdistortion. The Ricker wavelet s(t) may

in the frequency domain be represented3{sf) =| S f)|Gaxp( ay(H)+a(f)), |S(f)| and

y(f)+6(f) are the amplitude and the phase spectrusftpfespectively. In our experiment
we usedd(f)=aesign f), which is a phase distortion with expressing the amount of
phase distortion. We have applied phase-shifts iange from O to277. Testing as well as
analysis of the seismic practice showed that a ghh8t with a=77/6 is quite adequate

representing the real seismic situation (Fig.3))ef

Again, to be more realistic, noise has been adde¢let “seismic field data”. The noise is
uncorrelated and the amplitude is Gaussian diggtbwith zero mean. Tests for different
noise levels were done and the one with the madistie signal-to-noise ratio was chosen.
For the given reflection coefficient, a noise stddeviation of 0.005 was selected.

1.2 The forward model for the “synthetic seismic”

Since the main idea of this paper is to go to ®ibnsic resolution and estimate the thin-
bed sandstone layer properties, the seven paranetée estimated were: (1) the thickness,
(2) the P-velocity, and (3) the density of the thed sandstone layer, (4) the thickness of the
top shale layer, (5) the phase shifin a Ricker wavelet and (6 and 7) the thicknesses of the
additional reflector-disturbances (layers 2 and Bhis model quite well reflects the situation
when the task is to extrapolate thin-bed layer ertigs starting from a well.

For the synthetic data the wavelet was chosen thdeame as for “seismic field” data,
with a central frequency of 30 Hz. The only diffece is that this wavelet is initially set to
zero-phase (Fig.2). This simulates the real sitmaivhen no knowledge of the phase-shift in
the seismic data is available. Of course, no raifeked to the synthetic data.

1.3 Construction of the a priori

The information about the parameters that is abllandependently from the data can be
used as a priori information. A priori knowledgeoab parameters often consists of an idea
about values (mean) and the uncertainties (stardkan@tion) in these values. An often used
probability density function to describe this tygfanformation is the Gaussian distribution.
The distribution of the prior should include theedrvalue of the parameter. This distribution
should not be too wide because then it would haveffect on the minimization. On the other
hand it should not be too narrow and excluderds value, because in this case it would
direct the solution to the wrong point. For the riogp values corresponding to the layer
thicknesses we made the standard deviation dependeine wavelength, instead of on the
layer thickness itself. An exception has been nfade¢he additional reflector-disturbances.
The standard deviation of the velocity’s and defsipriors were set to be a percentage of the
true values (see Figure 1 for the designation efgarameters)o(H,) =0.1{,/ fc)= 9.6m;
o(H,)=0.1m; o(H;3)=0.05§;/ fc)= 6.4m; o(H,)=0.Im; o(V;) =0.05(;)=192.57 <
o(p;) =0.01(0;5)= 24&g/ n?; o(phasg=7/8, where f. is the central frequency of the
Ricker wavelet.

A priori information makes the solution strongefyowhen it is close to the real value,
otherwise it just shifts the solution to the wrodigection. Therefore, the means of priors
should be close to the true parameters valuestheosake of clarity, we set the estimated
parameter means times the standard deviation away from the trueeza
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Hi=H, +/—ao(H); V4 =Va+/-ao(Vy); ps=p;+/-ao(ps); phasé=0, where the
superscripti denotes the priors, the indgx1-4 denotes the layer arad is a number that is

changed, depending on the test.

It is obvious that having a priori information dese as possible to the true parameters,
with small standard deviation, would help a lofitwl a global minimum that corresponds as
close as possible to the true solution. We usedbthiput of the minimization procedure to
update the a priori information for the next itéyat We started the inversion process with a
trace close to the well where all the parametenaslare known. Then we moved, step-by-
step (trace-by-trace), towards the pinched-outtpdinthe starting point, the exact values of
the parameters were used as the means of the flaaran from the well). At all successive
steps, the estimated values of the parametersnebtan the previous step were used as the
means of the priors. The standard deviations ofitsigibutions for all priors remained fixed
throughout the complete analysis. Finally, therkdtposition of pinched-out point has been
found with an uncertainty of 0.8m.

1.4 Test and results

The objective of this research is to obtain sulsfs@ resolution and to estimate the
parameters of a thin-bed sandstone layer. Theréfierenain parameter that was varied in the
different tests is the thickness of the thin-beatistone layer. The source wavelet with central
frequency of 30 Hz normally used in a seismic expent implies that the vertical resolution
is around 20 m, which means that layers with theslsnless than 20 m would not be clearly
visible in the seismic data due to the interferefi¢es thickness of the pinched-out sandstone
layer has been varied from 1/5th of the wavelengtii/100 of the wavelength during the
experiments. For the above mentioned set of thenpeters and considerations the results of
these experiments are in Table 2 (relative erraveibeen averaged for the 10 iterations).
Table 2: The relative errors (over 10 iterationjhe estimated parameters for thin beds with a
thickness of 1 and 2 meters. Note that all errmesrapercentage except the wavelet’'s phase.

Hs Hy (%) | Hy (%) | Hy (%) | Hy (%) | V5 (%) | p3 (%) |phasea
2m <1 5 15 8 4 <1 1

1im <1 15 18 9 5 <1 3
Conclusions

The presented thin-bed seismic inversion methodictwhmakes use a priori
information obtained from a well, shows encouragimgults for very thin simulated
reservoirs. The resolution of the thin-bed invandfar superior to the resolution of the input
seismic data, which permits characterization ai tleservoirs. Incorporating a source wavelet
phase disturbance in the inversion process makesntthod applicable to real seismic data
where the wavelet is never precisely known. By addjeological/structural noise to the
model with quite low signal-to-noise ratio, the rebthecame more realistic. Updating the
priors with the results from the previous iteratioelds better convergence and more accurate
parameter estimation.
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Fig.3 (left) Ricker wavelet with a phase shét,z/6, (right) blue: “seismic field data”
(noisy, with phase shift az/6); green: initial guess of the synthetic substefanodel
response (zero phase Ricker wavelet) based on ¢hesrof the priors; red: final response
of the model after convergence. The thickness efgimched out sandstone layelr; is
Im.




