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S u m m a r y 

The effects of mis-positioning in time-lapse seismics aie 
studied, focusing on irregular sampling due to receiver 
mis-positioning and absence of data due to surface obsta
cles. Wavefield reconstruction is used to regularize data 
and to reconstruct data where data-gaps are present. 
The method is tested on time-lapse 2D synthetic and 
Troll streamer data. QuaUty control is performed using 
conventional difference plots, NRMS percentage and the 
4D attributes reflection coefficient ratio and two-way 
travel-time shift. 

Introduct ion 

In time-lapse (4D) seismic acquisition, a monitor trace 
should ideally be recorded at exactly the same geo
graphical position as the corresponding reference trace. 
However, in practice this is rarely the case, since in 
marine seismics 4D positioning errors are introduced in 
the data. These errors contain a known and an unknown 
component: the differential GPS system can give a 
monitor location that deviates significantly from the 
reference one. In addition, navigational uncertainties 
and positioning uncertainties along the streamers (due 
to cable feathering) are present in the data. Although 
stacking and binning might eliminate parts of this 
problem, the errors will still affect pre-stack processing 
such as NMO, D M 0 and pre-stack depth migration. 

Methodology 

The 4D positioning problem can be expressed as = 
X A + X B - A + ^Xr, where X A and X B denote the reference 
and monitor trace position, XB-A is the known deviation 
between the reference and monitor trace and Asr is the 
unknown error caused by the positioning uncertainty. Af
ter wavefield reconstruction using Fourier reconstruction 
with sparse inversion (FRSI) (Zwartjes and Duijndam, 
2000) to correct for the known errors, the problem sim
plifies to X B = X A + A .-Cr. These data (after FRSI) can 
be pre-stack processed and 4D evaluated. 

To quantify the trade-off between production and acqui
sition, the propagation of the signal is analyzed through 
a homogeneous overburden and a reservoir layer (see 
Fig. 1). The reference two-way travel-time {twt) and 
acquisition effects in terms of twt are analyzed for re
ceiver positioning errors Asr using simple ray-tracing and 
first-order perturbation theory. The production is mod
eled with the P-wave velocity change instead of a sat
uration change, as the Gassmann-equation shows non
linear behavior. Then, to obtain expressions of the form 

twtprod{xr,^Sou)\ > |A totac9(a;r, A^r ) ! , one can 
derive for the twt difference due to either acquisition or 
production (with Av2 = Vmon,2 — V r e / , 2 , subscript 1 for 
cap rock, 2 for reservoir) : 

\Atwtacq{Xr, Axr)\ = \XrAXr\ (1) 

and 

\Atwtprod(Xr, ASoil \AV21 (2) 

and using Dres/D = y p i I 7 T ^ / \ / | ^ M ^ this 
can be simplified to: 

|AtJ2| > 
^ref,2 

IXTAXA- (3) 

In a similar vein, a detectability criteria based on 
the angle-dependent reflection change has been derived. 
To detect a production-induced P-wave velocity change 
Avpfl under the top reservoir, i t is found that 

(4) 

where G is the AVO-gradient (Mavko et al., 1998), Dob is 
indicated in Fig. 1 and a is given by 

2 (up,2 -I- V p , l f 

{vs)Svs 

Mvs) 
2 4'Up,l — 2Vp,2 

{Vp,l + Vp,2)'^ 

32-
VPA 

{VP,1 + Vp,2) {VP,1 + Vp,2) J 
(5) 

I f the inequality represented by Eqs. (3) and (4) is ful
filled, the effect of production on traveltime or reflec
tivity is larger than the effect inherent to receiver mis-
positioning. Both equations also show the offset and ge
ology dependent impact of receiver mis-positioning. The 
offset-dependent behavior is important for AVO/AVA 
techniques as data from different offsets are compared al
though they are differently affected by the same position
ing error. 

To link production effects due to saturation change with 
acquisition effects inherent to receiver mis-positioning, 
normalized root-mean-square (NRMS) percentages are 
used. According to (Kragh and Christie, 2002), NRMS is 
defined as: 

NRMS = 
RMSjat-bt) 

RMS{at)+RMS{bt) 
200(%), (6) 
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Time-lapse mispositioning 

reservoir 
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Fig. 1: Configuration and notation for detectability criteria 
derivations: (a) for ü(ö)and (b) for twt. 

where the root-mean-squared function RMS of the time-
series xt is given by 

RMSix^ = ^ ^ ^ , (7) 

and is regularly applied on time-intervals ti — ti in the 
overburden, to quantify the difference of two data sets. 
However, NRMS can also be used to quantify the differ
ence over small intervals (e.g. the reservoir). By doing 
so, the actual change in the reservoir, or even over a cer
tain refiector of the reservoir, can be evaluated. I f the 
production effects in terms of NRMS are then larger than 
the acquisition effects in terms of NRMS, the production 
should be detectable. This principle is used to merge the 
data from the acquisition and production analysis to ob
tain detectability criteria. 

To model the twt difference due to production, the 
P-wave velocities are calculated by means of the 
Gassmann equation. Using the offset-dependent propa
gation length through the reservoir and the P-wave ve
locity difference, the production-induced twt difference 
{t\twtprod{x, ASoil)) is calculated. The twt difference 
due to receiver mis-positioning is obtained by ray-tracing 
in the model for offsets x^. Around Xr, receiver mis-
positioning Asr is modeled by ray-tracing (xr^-Axr). For 
the acquisition-induced time-lapse difference, it is then 
found that Atwtacq{.x,Axr) = twtxr+Axr -twtx^. For 
every point (xr, Axr) in the acquisition matrix, the satu
ration change ASoii{x) causing an identical twt is calcu
lated and stored in the production matrix. After convolu

tion with a wavelet, the twt differences can be converted 
into NRMS values using a reflectivity panel. By plotting 
the acquisition matrix with colors and the production ma
trix as contours in the same plot, the trade-off between 
acquisition errors and expected production effects can be 
evaluated in terms of NRMS (see Fig. 2a). Fig. 2b is cre
ated following an analogue procedure, using the Zoeppritz 
equation to analyze the effect of receiver mis-positioning 
on the angle-dependent reflection strength. 

Using a 2D geologic model representing a Viking-Trough 
setting, 120 shots are generated using fully-elastically 4*'' 
order finite-difference modeling. This yields simulated 
pre-stack seismic data with shot and receiver (bin) spac
ing of 25 meter. In the final data, both known and un
known positioning errors are introduced (i.e. all traces 
have erroneous header values) resulting in a Gaussian dis
tributed mis-positioning (Aa;^""' = 6m). After FRSI to 
correct for XB-A, common-offset sections are extracted. 
In these common-offset sections, data gaps are introduced 
to simulate the absence of data due to surface obstacles 
(such as platforms). FRSI is again applied to fill the 
data gaps and the 4D attributes reflection coefficient ra
tio RCR and twt are separately extracted from the data 
using the convolution/deconvolution method, see (Spet
zler and Kvam, 2003). The sections are then analyzed 
in terms of conventional seismic difference, NRMS, RCR 
and twt difference. 

Numerica l Model ing Resu l t s 

Fig. 2 presents the results of the numerical modeling 
for two separate time-lapse attributes, left for twt and 
right for reflection. Note the strong difference in NRMS 
scale: whereas receiver mis-positioning up to 25 meter (at 
3500m offset) causes NRMS differences up to 11% for the 
reflection, this causes up to 130% for twt. The saturation 
decrease that causes the same change in terms of NRMS 
shows the same trend, as becomes clear from the contours. 
I f Axr = 25m, this corresponds for twt with a ASou of 
80% and for reflection with only 4%. 

Interpretation of the plot is straightforward: if an aver
age receiver mis-positioning of 10 meter is considered for 
the twt case, one should evaluate a vertical line through 
Axr = 10. On the right side of this line, NRMS values 
of the acquisition (the color scale) and production (con
tours) continue to increase, on the left side they both de
crease. This means that production features on the right 
side of this line will be detectable as their effect in terms 
of NRMS, will prevail over the acquisition NRMS given 
by the vertical line. For example, this line intersects the 
0.8 curve at 500 meter and the 0.6 curve at 3500 and 
1375 meter. Hence, given a mis-positioning of 10 meter 
at 500 meter offset, only saturation changes bigger than 
20% (100 to 80%) would be detectable. The fact that a 
Axr line can intersect a saturation contour twice can be 
explained with the different offset-dependent effect on twt 
of saturation and mis-positioning. The saturation change 
shows an exponential behavior whereas the acquisition 
shows an asymptotic behavior in terms of NRMS. 
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Fig. 2: Numerical modeling results for (a, left) twt and 
(b, riglit) R{9) as a function of offset Xr and receiver mis
positioning Affir for the base reservoir reflector. Colors indi
cate acquisition efifects, contours represent production effects. 
Both are expressed in NRMS. Values at contours represent oil-
saturations. 

2 D Synthetic and R e a l D a t a Resul t s 

streamer data yields comparable results. Although very 
high NRMS values are found, RCR and Atwt identify 
some coherent trends on (semi-)horizontal reflectors. 

Conclusions 

I t is demonstrated that the effect of receiver mis
positioning in 4D seismics can be evaluated analytically 
and numerically. Plots can be composed representing ac
ceptable receiver mis-positioning with respect to antici
pated time-lapse saturation change. Such maps can help 
the survey designer to make relevant acquisition require
ments for repeated surveys based on anticipated satura
tion changes at target depth. The plots provide the in
terpreter with a tool to estimate the reliabihty of an ob
served time-lapse change, given the accuracy of the sur
vey. Using this knowledge, i t is shown that i t is possi
ble to extract the time-lapse differences from a 2D syn
thetic pre-stack dataset without much pre-processing. A l 
though the dataset contains severely non-repeatable fea
tures (such as source wavelet differences, overburden ve
locity changes and receiver positioning errors), it proved 
possible to exploit the different sensitivities of time-lapse 
attributes. By separate extraction of 4D attributes using 
the convolution/deconvolution method, it proved possible 
to estimate time-lapse changes more reliable. At the same 
time, Fourier reconstruction and sparse inversion proved 
valuable tools to improve data that contain considerable 
known and unknown positioning errors as well as to en
hance data coverage. Verification on a real data set shows 
that the 4D attributes RCR and Atwt indeed enable more 
reliable estimation of change. 

As the 2D synthetic time-lapse data not only con
tained production-induced changes but also source-
wavelet differences, overburden velocity differences and 
non-repeatable acquisition, the raw seismic difference is 
extremely strong, almost a shot record on its own, see 
Fig. 3a. This strong raw seismic difference also explains 
the high NRMS values of Fig. 3b. Although the raw seis
mic difference or NRMS graph do not enable the identifi
cation of production zones, both the reflection ratio and 
twt do, as shown in Fig. 4a and 4b. Especially in the 
semi-ID area, from 3300 to 3900 meter, the results are 
very good, although a reconstructed data gap is present 
here. A stable and reliable RCR is found that is validated 
with theoretically expected values. Also the structurally 
more complex part from 3000 to 3300 meter yields good 
results, both for the top and base reservoir reflector. The 
data reconstruction in the gap in the dipping part of the 
reservoir yields poor results. This could be due to limited 
dipping energy in the panel that is used in the wavefleld 
reconstruction. The area 2500 to 3000 meter proves diffi
cult, both due to the reconstructed dipping reflectors and 
wavelet tuning effects in the stratigraphic trap. Lastly, 
note that the offset dependent behavior has improved 
considerably for the reflection ratio and the traveltime 
compared with the NRMS values. 

A real-data verification on single-fold time-lapse TroU 
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A - Btoregd gaprecon: AS^^, OBF, AX ,̂ gap recon 
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Fig. 4: Data after regularization and gap reconstruction (target 
oriented): (a, top) in terms of refiection ratio and (b, bottom) 
in terms of Atwt. Near offset is 150 meter, intermediate 1000 
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