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Abstract

We investigate how combined use of time-lapse PP and PS seismic stacks can be utilized for
discrimination between pressure and saturation changes. The theory is based on a combination
of the well-known Gassmann and Hertz—Mindlin models. To simulate the amplitudes on PP
and PS sections we compute the stacked reflection coefficients within a given angular span.
Cross-plotting the PP and PS amplitude changes against the pressure and saturation changes,
enables simultaneous estimation of pressure and saturation changes. The method is tested on a
realistic 2D finite-difference time-lapse seismic dataset from the Gullfaks Field. The
uncertainties in the estimated saturation and pressure changes are expressed by the
uncertainties in PP and PS stack amplitudes. We find that this method is strongly dependent on
the in situ stress conditions, and especially that low values for the initial effective pressure

mean low discrimination sensitivity.

Keywords: 4D, PP and PS stacks, fluid-pressure discrimination

Introduction

During the last 5 years several methods for fluid-pressure
discrimination from time-lapse seismic data have been
suggested. Lumley and Tura (1999) proposed an inversion
method for discrimination between pressure and saturation
changes based on time-lapse AVO data. The first step is to
invert for relative changes in P- and S-wave impedances from
the relative changes in the time-lapse AVO data. A second
optional step is to use log data to obtain absolute P- and S-
wave impedances from the relative changes. Finally, time-
lapse changes in impedances are related to time-lapse changes
inreservoir properties using impedance cross-plotting. Landrg
(1999, 2001) derived explicit equations relating pressure and
saturation changes directly to time-lapse amplitude changes
in near and far offset stacked data. The necessary inputs
to the method are empirical rock physics equations relating
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Figure 1. Discrimination between the pressure and saturation
changes from the changes in PP and PS amplitudes with definition
of angle o and uncertainties in water saturation and pressure.
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Figure 2. P-wave velocity reservoir model. The reservoir units are indicated as SM1-SMS8.
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Figure 3. P-wave velocities versus water saturation and effective pressure (Tarbert formation).
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Figure 6. PP and PS stacked reflection coefficients versus P-wave angular span from interfaces between the Shetland formation and reservoir
rocks (Tarbert and Ness formations, model I). Note that the PS stacked reflection coefficient is much more sensitive to angular span than

the PP stacked reflection coefficient.

Offset, km h=1.05 km h=1.65 km h=2.2 km
0.0 0.5 1.0 15
0.0 N 1 N 1 N 1 s 1
V =1.5km/s / /

£

3 -

%05- V =1.8km/s

Q

15
V =2.0 km/s \z

2.0

V=2.1km/s

0=31.04"

oo 14.78° 6=23.33"

254

Figure 7. PP ray tracing to estimate the maximum incident angle at
the top reservoir.

changes in P-wave, S-wave velocities and densities to changes
in pore pressure and saturation. For saturation changes, the
commonly used equations are the Gassmann equations. For
pressure changes, ultrasonic core measurements or models
such as for instance the Hertz—Mindlin model (Mindlin
1949) are used to get this information. In this paper we
use ‘effective pressure’ notation which is defined as the
difference between vertical confining stress and pore pressure.

The Gullfaks time-lapse study (Landrg et a/ 1999) and the
Draugen time-lapse study (Koster et al 2000) show that this
qualitative technique has given very useful results for improved
reservoir management. Another case study in which pressure

effects dominated is the Magnus time-lapse study (see Watts
et al (1996) and Ritchie et al (2002)).

A complementary method to achieve quantitative
information about reservoir property changes during
production is to measure the shift in the seismic two-way
traveltime within a given reservoir section. A practical
example of how this method can be used to give additional
information about pressure and saturation changes in reservoir
segment is given in Landrg et al (2001). The repeatability issue
is discussed in Landrg (1999), Andorsen and Landrg (2000)
and Meunier et al (2001). An alternative empirical approach
to pressure—saturation inversion is suggested by MacBeth
et al (2006) and Floricich et al (2005).

Measurements of traveltime shifts can be used to estimate
the change in, for instance, pay thickness, or amount of
pore pressure changes. Combined with estimated time-lapse
amplitude changes, the additional traveltime information can
be used to constrain and increase the accuracy when estimating
various production-related effects simultaneously. Another
way of exploiting traveltime shifts is proposed by Guilbot and
Smith (2002), where time shifts are used to estimate the degree
of compaction in a highly porous chalk field.

In this paper we use the method described in Stovas and
Landrg (2004) on a synthetic time-lapse seismic dataset from
the Gullfaks Field. To date, there are very few repeated
multicomponent seismic surveys, and therefore the most
practical way to test our proposed method is to use synthetic
data based on the input from a producing field. A similar
approach was used in Brevik (1999) and for anisotropic
reservoir rocks in Stovas and Landrg (2005).
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Figure 8. PP (to the top) and PS (to the bottom) CMP gathers from the seismic line.

Here we combine time-lapse PP and PS stacks for optimal
discrimination between pressure and saturation effects. We
will use the Gassmann model (Gassmann 1951) to describe
fluid saturation changes and the Hertz—Mindlin model
(Mindlin 1949) to describe pore pressure changes. The
procedure to combine these models and their validity are
discussed, for example, in Stovas and Landrg (2004). We
assume that the models are sufficiently correct to be used for
our purpose: to study the applicability of the proposed method
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with respect to robust (although the synthetic dataset contains
the ‘the processing noise’ only) estimation of pressure and
saturation changes.

The stacked reflection coefficients

To simulate the PP and PS amplitudes on seismic stacks we
use the stacked reflection coefficients. To compute them we
integrate the reflection over the given angle span. For that
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Figure 9. AR, — AR} reflection patterns for the top reservoir. Zero changes in PP and PS amplitudes shown by bold lines. The contour
intervals are 0.001 and 0.0002 for PP and PS stacked reflection coefficient, respectively. Positive changes are to the top right from zero

change.

purpose we use the angular span between the maximum and
minimum incidence angles. We believe that this is the best
way to analyse the amplitudes on the stack, not to use the
zero-offset reflection coefficient (which, for example, for
the PS case is zero). It would be more precise to compute
the reflection coefficients for a given set of offsets, but here
we would prefer for a sensitivity study to use a more robust
approach due to the higher signal-to-noise ratio on the stacked
seismic section. Another reason is that the stacked reflection
coefficient is less sensitive to uncertainty in elastic parameters.
One more assumption of this approach is that the NMO is
applied correctly regardless of the non-hyperbolicity of the
traveltime curve. In practice it is never possible and, therefore,
results in the processing noise in the stacked data.

Weak-contrast reflection coefficients (Ursin and Stovas
2002) will be used in the sensitivity analysis, while exact
reflection coefficients from Zoeppritz equations will be used
for the saturation—pressure discrimination.

Discrimination between water saturation and
pressure changes from PP and PS stacks

In this section we will follow the results from Stovas and
Landrg (2004).

First we establish the relationship between the changes in
saturation—pressure and the changes in the PP-PS reflection
coefficients:

bia AS
byn) \AP/Py)’

where the changes in the normalized stacked reflection
coefficients are assumed to be the result of changes in
saturation (AS) and pressure (A P):

ARZ b
PP ( 11 (1)

ARE ) ~ \ba

ARZpps) = Rpps) (S + AS, P+ AP) — Rlyps) (S, P),
2

and the transformation matrix By = (}! }*') = Bx(S, P).
This transformation matrix represents the linear operator,
which maps the input vector of the change in saturation and
pressure into the output vector of the change in PP and PS
seismic amplitudes. The expressions for the elements b;;
are given in Stovas and Landrg (2004). ¥ means that the
reflectivity has been summed over a given offset (or angle)
integral. This means that we assume that AR2, and AR
represent changes in the corresponding stacked reflection
strengths.

The reliability of discrimination between water saturation
and pressure changes depends on the angle o between isolines
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Figure 12. Difterence plot for PP stacks from models II and I (to the top) and models III and I (to the bottom).

ARPP = (C; and ARPS = (C, (see figure 1), where C,

and C, are given constants (Stovas and Landrg 2004). The

uncertainties in the changes in the PP and PS stacks are related

to the uncertainties in fluid saturation and pressure changes.
Inverting equation (8) results in

AS '\ _ B=! AR
AP/P > \ARY )’
by

B=! — 1 —b1a
¥ 7 detBs \=ba b J°

This means that the weighting factors between PP and PS
stacks are directly given by the inverse matrix defined in
equation (4). Therefore, the uncertainties in fluid saturation
and pressure changes (§(AS) and § (A P)/ Py, respectively) can
be expressed from uncertainties in PP and PS stack amplitudes

3

where

“
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(8R3, and § RY, respectively), with the assumption that if all
uncertainties are small, we get

§(AS) = E(bﬂs(AREP) - blzs(AR[)’:S)) ®)
S (AP) 1
) (s ok s (38E). 0

Uncertainties coupled to the Gassmann and Hertz—Mindlin
models are neglected in this study. A more detailed discussion
of this issue can be found in Landrg ef al (2002).

In figure 1 we show how the uncertainties in the PP
and PS stack amplitudes relate to the uncertainties in the
estimated fluid saturation and pressure changes. Note that
the discrimination criteria defined by the discrimination angle
o and the relation between the uncertainties in amplitudes
and fluid-pressure conditions depend on the values for fluid
saturation and pressure.
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Figure 13. Difference plot for PS stacks from models II and I (to the top) and models III and I (to the bottom).

Testing the proposed method on a synthetic dataset

To test this approach on synthetic data three models, model
I, model II and model 111, related to the Gullfaks Field were
chosen (Arntsen 2002). To model both PP and PS synthetic
seismic gathers we use the Ricker wavelet with the central
frequency of 30 Hz. Model I has a known initial condition
which is based on well log data, while the fluid-pressure
conditions for models II and III are based partly on well log
observations and partly on fluid flow simulations. For all three
models synthetic PP and PS seismic data were generated using
a 2D finite-difference algorithm and processed including time
migration. Since there was no any specific noise included, the
data contain ‘the processing noise’ only. In practice, the PS
data are much more noisy than the PP data. They also have
a different frequency bandwidth. These two factors create
additional problems for the joint processing and interpretation

of PP and PS data. In this study we do not consider any
random noise in seismic amplitudes, because introducing
the relative PS to PP noise level requires the additional
assumptions about the geological model we have used.
We assume that all ‘random’ noise related issues are removed
in pre-processing and stacking steps.  The processing
noise which comes from the finite-difference modelling and
following processing, NMO and migration, is also different for
PP and PS data. The level of the PS processing noise is always
higher than the PP processing noise. In that respect, we believe
that to some extent we include the different noise levels for
these data with no additional hypothetical assumptions. We
also neglect the acquisition differences between PP and PS
data, focusing on the pressure—saturation signature only.

The geological structure of the reservoir is shown in
figure 2. There are eight types of reservoir rock covering
the Tarbert and Ness formations overlaid by shale from the
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Table 1. Rock physics parameters have been used to build up the
reflection patterns (S is the initial water saturation, Ky, is the bulk
modulus for solid framework, K, is the intrinsic modulus of solid,
w is the shear modulus of solid framework, py,, is the matrix density
and ¢ is the porosity).

Reservoir K Kina 1 Pma

unit So (GPa) (GPa) (GPa) (gcm™) ¢
SM1 0.18 3.27 23.5 3.76 2.52 0.30
SM2 0.11 3.69 22.5 4.14 2.49 0.27
SM3 0.29 4.70 29.0 391 2.62 0.29
SM4 043 393 27.3 4.11 2.60 0.30
SM5 0.69 3.08 29.0 4.82 2.62 0.34
SM6 048 5.40 24.0 4.83 2.52 0.23
SM7 0.31  4.02 19.0 3.80 2.42 0.23
SM8 0.74 5.24 23.0 4.55 2.90 0.37

Shetland formation with bulk modulus of 19.6 GPa, shear
modulus of 5.8 GPa and density of 2.3 g cm~. Reservoir
units are named as SM1, SM2,..., SMS8. The rock physics
data are given in table 1. Note that different reservoir rocks
have different porosities and different initial water saturations.
The initial fluid-pressure conditions are given in table 2. The
pore pressure is the same for all types of reservoir rocks with
an effective pressure of 0.0065 GPa. The effective densities
for all reservoir rocks are computed based on the Gassmann
model and are dependent on the water saturation. The P-wave
and S-wave velocities are dependent on both water saturation
and effective pressure. This dependence for the reservoir rocks
of the Tarbert formation SM1-SM4 is shown in figures 3 and 4.
The P- and S-wave velocities have similar shapes for reservoir
units, but numbers are different.

The PP and PS reflection coefficients are computed for
the interface between the Shetland formation and the reservoir
rocks with initial saturation and pressure conditions which
correspond to model I, and plotted versus P-wave incidence
angle in figure 5. The stacked PP and PS reflection coefficients
are plotted versus P-wave angular span in figure 6. One can
see that both PP and PS reflectivities for the reservoir rocks of
the Ness formation are less than PP and PS reflectivity for the
reservoir rocks of the Tarbert formation.

To build up the reflection pattern we need to estimate
the maximum P-wave incidence angle for PP and PS gathers.
To do that we use simple ray tracing (figure 7) taking into

Shetland/SM1
0.025 T T
Modef |
$=0.18
[1 P=0.0065 GPa
0.020 4 Model I
$=0.77,6=0.039
g P =0.0065 GPa, c = 0.0004 GPa
o Model il
¢ 0.0154] S=10.8050=003
F P =0.0142 GPa, o = 0.0006 GPa
%]
[
& x
lE 0.010 R i
]
& z
o AREg
0.005
Model | \
0.0 0.2 04 08 0.8 1.0

Water saturation

Figure 14. Water saturation—effective pressure discrimination from
PP and PS stack data on the reservoir unit SM1. The initial
conditions (model I) are given by the crossing of the contours (bold
lines crossing the filled circle) related to zero changes in PP and PS
amplitudes. The position for each circle is defined by crossing of
contours related to changes in PP and PS amplitudes from the
difference section (model II-model I) for a given reservoir unit. The
star positions are defined in a similar way from the difference
section (model III-model I). The statistics (the mean value and the
standard deviation) for saturation and pressure estimations for
models II and III are listed in the top left. For all other reservoir
units these values can be found in table 2.

account the overburden model and maximum offset on PP and
PS gathers, which is 2000 m. The typical PP and PS gathers
are shown in figure 8. We found that for the maximum offset,
the maximum P-wave incidence angle on the PP CMP gather
is about 32°, and the maximum P-wave incidence angle on PS
CMP gather is about 40°.

The next step is to compute the reflection patterns for the
interface between the Shetland formation and each reservoir
rock. First we compute PP and PS stacked reflection
coefficients assuming a linear correspondence between offset
and incident angle and subtract the corresponding values for
the initial fluid-pressure conditions. The difference in PP
and PS stacked reflection coefficients is then composed into
a reflection pattern. These reflection patterns are computed
versus water saturation and effective pressure for the interface
between the Shetland formation and all reservoir units: Tarbert

Table 2. Results of water saturation and pressure prediction for model II and model III (reservoirs SM1-SMS). N represents the number of
points (seismic traces) related to each reservoir unit. The values for saturation and pressure in the headings were used in seismic simulation.

Reservoir Model I Model II (S = 0.8, P = 0.0065 GPa) ~ Model III (S = 0.8, P = 0.0145 GPa)
unit N S P(GPa) S s P(GPa) op(GPa) S o5 P (GPa) 0p(GPa)
SM1 35 0.8 00065 077 0.041 00065 0.0004  0.805 0.03 00142  0.0006
SM2 22 0.1 00065 0.825 0038 00053 00005 0.802 0016 00146  0.0004
SM3 17 029 00065 0.828 0.013 00056 0.0004  0.807 0.021 0.0145  0.0004
SM4 24 043 00065 0.83 0.027 00061 00004 08 002 00146  0.0004
SM5 21 069 00065 08 0034 00065 00003 08 0026 00146  0.0004
SM6 9 048 00065 081 004 00069 00006 0771 0.039 00146  0.0003
SM7 6 031 00065 078 0031 00058 00004 0767 002 00145  0.0004
SMS 6 074 00065 078 0017 00067 00005 0796 0015 0.0146  0.0004
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within each reservoir unit) plotted along the seismic lines for model
II (to the top) and PP (in the middle) and PS (to the bottom) zoomed
seismic sections.

and Ness formations. The reflection patterns for the reservoir
rocks SM1-SM4 are plotted as contour lines in figure 9. The
quasi-vertical contour lines are related to the changes in the
stacked PP reflection coefficient, while the quasi-horizontal
contour lines are related to the changes in the stacked PS
reflection coefficient. The thick lines correspond to zero values
of AR, and A R for model I. The contour increment is 0.001
for AR, and 0.0002 for ARJ.
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Figure 16. Predicted saturation and pressure (and their mean values
within each reservoir unit) plotted along the seismic lines for model
III (to the top), PP (in the middle) and PS (to the bottom) zoomed
seismic sections.

Figure 10 shows PP synthetic seismic sections simulated
for models I, I and III, respectively. The corresponding
PS synthetic seismic sections are shown in figure 11. The
difference plots are given in figures 12 and 13 for PP and
PS sections, respectively. Note that the difference in PS
sections for models III and I is much more pronounced than
the difference in PS sections for models II and I.

We use seismic amplitudes from the top reservoir only
because the deeper part of the difference section is distorted
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Figure 17. Difference in PP and PS stacked amplitudes and predicted values of saturation and pressure: model II to the left and model III to
the right. The solid line on saturation and pressure plots illustrates the initial conditions (model I), while the dash lines show the results of

averaging for saturation and pressure plus/minus standard deviation.

due to the complicated phase shift together with the change
in interference pattern. This is the result of the velocity
and density change due to the change in the fluid-pressure
conditions within the reservoir units.

The difference seismic sections are normalized such that
the stacked amplitudes of the stacks for model I correspond
to the corresponding stacked reflection coefficient for initial
saturation and pressure values which are different for different
reservoir rocks. Seismic amplitudes along the top reservoir are
picked from difference seismic sections, and corresponding
contour lines are constructed for the interface between the
Shetland formation and each reservoir rock unit.  The
position of the crossing between the contour lines representing
constants A R, and A R3 gives the values for water saturation
and effective pressure (see figure 1). The predictions are
given for each type of reservoir rock. An example of the
estimation of the fluid-pressure conditions for reservoir unit
SM1 is illustrated in figure 14. The circles are related to the
crossing of the PP and PS contour lines from the amplitudes on
difference sections computed from models I and II, and stars
are related to the amplitudes on difference sections computed
from models I and III.

The predicted saturation and pressure values are averaged
within every reservoir unit. The results for reservoir unit SM1
are shown in figure 14. One can see that models II and III are
well separated both in saturation and pressure. The position
of data for model II gives an explanation why the difference
PS section for models II and I is very weak. For all types of
reservoir rock there is a very small change in PS contour lines
between these two models. The reflection patterns provide
us with interpretation of how saturation and pressure changes
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affect the seismic PP and PS amplitudes. Nevertheless, we
observe that the accuracy prediction goes down if (1) the
saturation change is small as for SM5 and SM8 or the change
in PP and PS amplitudes is small; (2) there are only few points
on the cross-plot as for SM6 and SM7, which means that only
few seismic traces represent a given reservoir unit. The noise
immunity level decreases with the signal decrease and if there
is lack of statistics.

The predicted values of saturation and pressure are plotted
together with zoomed PP and PS difference sections for model
II (figure 15) and model I1I (figure 16). The seismic amplitudes
from the difference sections and predicted values of saturation
and pressure with corresponding uncertainties are shown in
figure 17.

To analyse the uncertainties in saturation and pressure the
weighting factors from equations (5) and (6) are computed and
plotted in figure 18 for all models and reservoir rocks. One
can see that the factors responsible for uncertainty in saturation
b1, /det B and by, /det B are bigger than the factors responsible
for uncertainty in pressure b;;/detB and b,;/det B. Models
II and III, whose difference is the pressure change only, have
very similar weighting factors for saturation. The less the
difference in saturation between models I and II, the less the
difference in weighting factors (reservoir units SM5 and SMS)
is.

All results from the prediction are shown in table 2.
Maximum errors in prediction for model II are 4% in saturation
and 3% in pressure. For model III they are 3% in saturation
and 2% in pressure. For realistic cases including noise we
expect these prediction errors to increase.
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Uncertainty in estimated parameters

There are two major sources of uncertainty in estimated
values for water saturation and pressure. The first one is
related to uncertainty in ARJ, and ARJ reflection patterns
due to uncertainty and variability in rock physics parameters
for reservoir units and elastic parameters for the shale unit.
The second one is related to the noise in seismic data:
structural—from interpretation of the top reservoir, digital—
from the limited resolution of seismic data, processing—from
insufficient application of processing steps such as hyperbolic
normal moveout and finite-difference migration, and residual
coherent and incoherent noise. For this study we did not
consider any of these effects, focusing on the sensitivity
of the method to different parameters for reservoir units.
The additional source of uncertainties is poor offset-to-angle
conversion due to lack of knowledge about the overburden and
the possible tuning due to thinning out of the reservoir. The last
effect results in poor estimation of pressure—saturation values
for the reservoir unit SMS.

A comprehensive robustness test on the algorithm could
consist of the following elements:

(a) Random noise test
(b) Changes in source directivity
(c) Changes in absorption effects (overburden)
(d) Changes in overburden anisotropy
(e) Variation in shale (and sand) rock physics parameters
(f) Changes in reservoir anisotropy (due to fracturing caused
by pressure increase)
(g) Changes in geophone coupling (non-random), orientation
of the geophone cable, etc.
All the above-mentioned tests would be necessary prior to a
field data test, and we have decided to postpone these tests
until we have a field dataset to test the algorithm on.

Conclusions

A new method of fluid and pressure discrimination from PP
and PS time-lapse seismic stacked data is presented. Plotting
contour lines for constant changes in PP and PS reflectivity
changes enables us to determine saturation and pressure
changes directly. We find that this cross-plotting technique can
easily be extended to include uncertainty analysis. The link
between reflectivity changes and saturation is the Gassmann
model, while the Hertz—Mindlin model (calibrated to rock
physics measurements for the given field) is used to account
for pressure changes. On a synthetic 2D time-lapse seismic
dataset (representing the Gullfaks Field), we find that the
proposed method works well in most cases. We find that
saturation changes are more sensitive to changes in stacked
amplitudes than pressure changes. However, for low effective
pressures, we observe that the pressure effect might be much
stronger than the fluid effect. The discrimination process
is strongly dependent on the in situ stress conditions—low
effective pressure means low discrimination sensitivity. For a
given reservoir, the effect of the difference in the rock physics
parameters between the different reservoir units is not crucial
for pressure—saturation discrimination. In our study we neglect
the effects related to the reflector curvature and the presence
of a fault. The uncertainties in the rock physics parameters are
also neglected.
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