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Discrimination between pressure and fluid saturation

changes from time-lapse seismic data

Martin Landrg™

ABSTRACT

Explicit expressions for computing saturation- and
pressure-related changes from time-lapse seismic data
have been derived and tested on a real time-lapse seis-
micdata set. Necessary input is near- and far-offset stacks
for the baseline seismic survey and the repeat survey.
The method has been tested successfully in a segment
where pressure measurements in two wells verify a pore-
pressure increase of 5 to 6 MPa between the baseline sur-
vey and the monitor survey. Estimated pressure changes
using the proposed relationships fit very well with ob-
servations. Between the baseline and monitor seismic
surveys, 27% of the estimated recoverable hydrocarbon
reserves were produced from this segment. The esti-
mated saturation changes also agree well with observed
changes, apart from some areas in the water zone that are
mapped as being exposed to saturation changes (which is
unlikely). Saturation changes in other segments close to
the original oil-water contact and the top reservoir inter-
face are also estimated and confirmed by observations
in various wells.

INTRODUCTION

Predicting overpressured zones from seismic data has been
tested and reported by several researchers [e.g., Reynolds
(1970) and Bilgeri and Ademeno (1982)]. The basic tool in such
studies has been velocity analysis. By detecting areas where the
estimated velocities deviate from the normal trend, Martinez
et al. (1991) estimate acoustic impedances by seismic inver-
sion; velocities and densities are then estimated using a re-
lationship between sonic velocities and acoustic impedances.
However, for most reservoirs, pressure changes in combina-
tion with fluid-saturation changes create abnormal seismic re-
sponses. It is often difficult to separate the two effects from
seismic data only. In most time-lapse seismic studies, seismic
differences between a baseline and a monitor survey are ana-

lyzed and interpreted as either a pressure effect or a fluid effect.
In the Magnus 4-D study (Watts et al., 1996), the main seis-
mic changes were attributed to pore-pressure changes, while in
the Gullfaks (Landrg et al., 1999) and the Draugen (Gabriels
et al., 1999) 4-D seismic studies, most of the seismic changes
were interpreted as fluid related. However, for some fields or
segments within a field, both fluid and pressure changes have
approximately the same degree of impact on the seismic data.
Insuch cases the use of time-lapse amplitude variation with off-
set (AVO) analysis offers an opportunity to discriminate the
two effects (Tura and Lumley, 1998, 1999a; Landrg, 1999). I de-
scribe a method to estimate fluid- and pressure-related changes
directly from repeated near- and far-offset stacked data. I focus
on a segment from the Gullfaks field, where the pore pressure
increased by approximately 5-6 MPa (725-870 psi) because of
water injection in the period between the baseline and the mon-
itor surveys. In the same period 27% of the estimated recov-
erable hydrocarbon reserves were produced. For such a case,
it is important and very useful to estimate two different maps
instead of one—one for pressure-related changes and another
for fluid saturation-related changes—by using the methodol-
ogy presented in this paper.

Other production-related changes have impact on time-
lapse seismic data, e.g., gas injection and temperature. How-
ever, I focus on discriminating between pore-pressure and
fluid-saturation changes. [See also Brevik (1999), Tura and
Lumley (1999b), and Landrg (1999).]

SATURATION AND PRESSURE VERSUS
SEISMIC PARAMETERS

Distinguishing between fluid-saturation and pore-pressure
changes from seismic data requires knowing how seismic pa-
rameters are influenced by such changes. In the Gullfaks 4-D
project (Landrget al., 1999) a rock physics model calibrated
with well-log measurements was used to predict the seismic
effect of substituting oil with water. The basic equation in
the rock physics model is the Gassmann equation (Gassmann,
1951). Repeated logging in wells typically shows a change in
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water saturation from values around 10% (preproduction) to
around 70% to 80% (postproduction). The relationship be-
tween saturation changes and P-wave velocity after calibrat-
ing the Gassmann model to some of the wells at the Gullfaks
field is shown in Figure 1. The relationship is nonlinear, but not
strongly so. To the first order, I therefore assume the relation-
ship between seismic parameters and saturation changes can
be approximated by linear functions at Gullfaks.

The common way to obtain a relationship between seismic
parameters and pressure changes is to perform ultrasonic mea-
surements on several cores taken from various formations.
A typical curve for P-wave velocity versus effective pressure
changes is displayed in Figure 2. This curve represents the av-
erage of 29 core measurements from the Gullfaks field. The
Gullfaks reservoir rock is of early and middle Jurassic age,
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FIG. 1. Typical modeled relationship between relative change
in P-wave velocity and water saturation (line with squares).
The curve is based upon a calibrated Gassmann model. The
line with diamonds shows the straight-line approximation used
in the real data example.
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FIG. 2. Relative P-wave velocity changes versus changes in net
pressure (line with squares). Initial net pressure at Gullfaks is
assumed to be around 5 to 6 MPa, and expected changes in
net pressure might range from —5 MPa (for a pore-pressure
increase) to +5 MPa (for a pore-pressure decrease). The dia-
mond line shows the approximated second-order approxima-
tion used in the real data example.

representing shallow marine to fluvial deposits. The reservoir
depth is approximately 2000 m. The initial pore pressure is
32 MPa, and the overburden pressure is approximately 38 MPa.
Typical porosities are around 30%. All measurements were
made on dry core samples. Comparison of dry and brine-
saturated acoustic core measurements shows that the compres-
sional velocities are higher in brine-saturated rock. The satura-
tion effect is more pronounced at lower net pressures (Winkler,
1985). The net pressure is equal to the overburden pressure (or
stress) minus the pore pressure. This means a pore pressure
increase will decrease net pressure. In comparison with the ve-
locity versus saturation curve shown in Figure 1, the curve in
Figure 2 is highly nonlinear. As will be shown later, this non-
linear behavior requires a second-order approximation of the
relationship between seismic parameters and pressure changes.
A summary of the rock physics feasibility study for Gullfaks is
shown in Figure 3.

Regarding the curves in Figures 1 and 2, I posed two ques-
tions: Is it valid to compare velocities measured at high fre-
quencies with seismic velocities, and is it valid to compare pres-
sure measurements made on a dry core sample that has gone
through reloading and loading several times with the stress
conditions actually taking place in the reservoir rock? Despite
these concerns, I used numerical figures obtained from the rock
physics study as a link between reservoir production changes
and seismic changes.

METHODOLOGY

One way to estimate several production-related parameters
simultaneously is to increase the number of independent seis-
mic measurements. The first approach for achieving this using
conventional seismic data is to exploit the AVO and regard
the near- and far-offset stacks as independent measurements.
Another approach is to use shear-wave seismic data—for in-
stance, a PS-converted stack. In the present case, I use the first
approach, mainly because no PS-converted time-lapse data are
available at Gullfaks.
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FIG. 3. Expected changes in various seismic parameters from
changes in pore pressure and water saturation; 60% change in
water saturation means from 20% to 80%. Z, and Z, denote
P- and S-wave impedances, respectively. Average porosity is
30%, initial pore pressure is 32 MPa, and reservoir depth is
approximately 2000 m. (Figure reprinted with permission from
Petroleum Geoscience.)
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Let us consider a two-layer model: a cap-rock layer (layer 1,
shale) above a reservoir layer (layer 2, sand). For simplicity we
will first study the situation when only fluid-saturation changes
occur in layer 2; next, we will study only pressure changes in
layer 2. We assume the P-wave velocity in layer 1 (o) remains
constant between the baseline and the repeated survey, as well
as for the S-wave velocity (8;1) and the density (p;). In layer
2 (which is assumed to be the porous reservoir layer) the pre-
production parameters are denoted «;, 8,, etc. The same pa-
rameters after fluid substitution in layer 2 are denoted o}, B,
etc. The lithological parameter contrast in P-wave velocity is
Ao =a; — ay, while the parameter contrast from fluid changes
in layer 2 can be expressed as Ao’ = &) — o or, more precisely,

Aa” = ay[Sw(12)] = a2 Sw(n)], (1)
where Sy denotes water saturation; #; and 7, denote the timing
for the baseline and monitor seismic surveys, respectively; and
subscript 2 of a,, etc., refers to layer 2. The reflection coefficient
prior to production is [assuming the Smith and Gidlow (1987)
approximation]

1/Ap  Aa\ 2B2(Ap 248\ .
Ry = L(B0 4 A) 28 (80 208) o
2\ » o a2 \ p B
Ao 2
+ —tan” 6, (2)
20

where o = (a1 + )/2, etc. After fluid substitution in layer 2,
we find the postproduction reflection coefficient as

’ ’ 12 / ’
R1(0) = l<A'O + Ao > — 2p <Ap + —2Af3 )sinzé

2 ,0/ o’ a/z ,0/ /3
A /
+ 23/ tan” 6. 3)

In equation (3), Ad'=0a)—a1 =+ A’ —a; = Aa + Aaf,
etc. Correspondingly, o = (o1 +ap + Aal)/2=a(1+ (Aaf/
2a)), etc. Assuming that Aa/a <« 1 and Aaf /o <« 1 and ne-
glecting higher-order terms in either Aa/a or Aa’ /o or com-
binations of them, we obtain
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Equation (4) uses the following approximation for the velocity

ratio term:
AﬂF
, ,3(1 + —)
2
/i = 7/3 ~ é (5)
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The delta terms in this velocity ratio [(ABY/28), (Aat /2a)]
are to be multiplied with other delta terms inside the brack-

ets of equation (4), [(Ap/p) + (2AB/B)]. Since they will give
second-order terms, they can be neglected. A detailed deriva-
tion including second-order terms is found in Appendix A.
Furthermore, for fluid substitution one can assume that the
shear modulus remains constant, provided the sin># term in
equation (4) does not change under fluid substitution. This
can be seen in the following way: Keeping the shear modu-
lus constant means that 82p is constant, leading to the result
that [(Ap/p) + (2ABF /B)] =0 for fluid substitution. For fluid
substitution, equation (4) therefore reads

AaF

o

1/ ApF Aot
R1(0) ~ Ry(0) + _( LA >+ tan’60, (6)
2\ p 20
which again means that the change in reflectivity (to the lowest
order) because of fluid saturation change in layer 2 is
Apt  Aaf Aaf
+

1
ARF(O) ~ =
©) 2<,o+oe 2

tan” 6. (7)

A numerical example (Appendix B) testing the differences
between using this approximate expression for reflectivity
changes and using the exact equations shows a deviation in
reflectivity of 4% at zero incidence angle and 1% at a 30°
angle.

For pressure changes it is reasonable to assume that the den-
sity remains practically unchanged. We assume that the density
can be written as

p=¢p;+(1—)ps, (8)

where ¢ is the porosity and p; and p, are the fluid and matrix

densities, respectively. For a sandstone reservoir, the changes

in porosity attributable to pressure changes are generally small;

hence, the changes in density from pressure changes are also

negligible. This is confirmed by the core measurement results

shown in Figure 3. A corresponding equation for the reflectivity

change because of a change in pore pressure (P) can therefore

be approximated (again to the lowest order) by

P 2 ARP P

ARP () ~ Lha? 4B AP G + 2% an2e. 9)

2 « a2 B 2a

A reasonable assumption for relative variation of the seismic
parameters with respect to fluid-saturation and pore-pressure
changes can be written (using first-order expansion with re-
spect to saturation changes and second-order expansion with
respect to pressure changes)

A
2% N kyAS + 1 AP +my AP, (10)
o
A
7’3 ~ kgAS +1g AP +mgAP?, (11)
Ap
7 ~ k,AS, (12)

where AS and AP denote the changes in oil saturation and
net pressure, respectively, and where k,, kg, k,, Iy, lg, mq, mg
are empirical parameters estimated from, for instance, the sat-
uration change curve in Figure 1 or the pressure change curve
in Figure 2. The assumptions given in equations (10)-(12) are
a reasonable approximation for the Gullfaks field. For other
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fields with different reservoir properties, more advanced ap-
proximations might be necessary. These parameters are gen-
erally spatial variant. In practice, however, it is impossible to
measure these parameters at all positions in space. Therefore,
a realistic approach would be to estimate one parameter set
for each formation or to assume that one average parame-
ter set is representative of the whole field. As an example, the
P-wave velocity increase (based on the average curve shown in
Figure 1) as the result of a pore-pressure decrease of 4 MPa was
estimated to 4% with a standard deviation of 1.5%. The stan-
dard deviation was computed on the basis of all 29 core sam-
ples used in the Gullfaks 4-D study. Here, I assume only one
parameter set is valid for the whole field. The total change
in reflectivity from the combined effect of fluid and pressure
changes can thus be written

1
AR~ S (kyAS + ke AS + 1 AP + me AP?)

1 2 2
+ E(ko,AS + I, AP + my AP?) tan” 6

4p° ) i
— —5 (pAP +mpAP%)sin"6. (13)

Using the conventional formula for the AVO intercept and
gradient, R=Ry+ G sin? @, and assuming that tan? § ~ sin’ 6,
equation (13) can be split into one intercept and one gradient
term:

1
ARy~ 5 (kaAS +kyAS + 1, AP +mgAP?), (14)
1 2
AG ~ E(kaAS—i—laAP + mg AP?)
4p?
-5 (par +mgAP?). (15)

These two equations can be solved to find explicit expressions
for changes in pressure and water saturation. The solutions for
the estimated pressure variation can be written

b JBT—a
APQ¥. (16)
a

The negative root solution has been excluded since zero values
for changes in intercept and gradient should give zero changes
in pressure and saturation. This argument is only valid when
b in equation (18) is positive, as it is in the present case, (If b
is positive, which is very unlikely to happen for normal V,/ V
ratios, one should choose the positive root solution instead.)
The constants a, b, and ¢ in equation (16) are

8,32 Mgk
= o T T 5 - 7 4 1
a=m Rl Wtk 17)
8p2 kol
=2, 1
b o a2 lﬁ ka + kp 3 ( 8)
2k, AR
c=2""0 _9AG, (19)
ko + K,

which means they are expressed by the empirical constants,
the V,/V; ratio, and the changes in intercept and gradient, as
shown above.

The corresponding expression for saturation changes can be
written as

1
AS ~ 2ARy) — I, AP — mg AP?). 20
ka+k,,( 0 o AP (20)

Since we now have expressed the water-saturation change in
terms of empirical parameters and changes in the intercept
parameter (i.e., change in reflection coefficient at zero inci-
dence angle) and the AVO gradient, we have obtained a direct
way to distinguish between the two effects. The nice feature
about these equations is that they represent a simple relation
between water-saturation changes and parameters that can be
estimated from time-lapse AVO data. It is of course possible to
introduce other effects (such as temperature) into the formal-
ism; but then we must also introduce a third AVO parameter,
and it might be hard to estimate as many as three parame-
ters for each CMP gather. Instead of estimating changes in the
AVO intercept and gradient, we can also estimate changes in
the near- and far-offset stacks and then convert these entities
into changes in intercept and gradient.

Using the empirical relations for the Gullfaks field, I es-
timated k,=0.1, kg =-0.03, k,=0.05, m, =—-0.003, mpg=
—0.003, [, =0.035, and 15 =0.035. [The units of these parame-
ters vary and are easily deduced from equations (10-12).] The
quality of these parameter estimates is illustrated in Figures 1
and 2, where a comparison between the empirical relations
and the measured (or calibrated) curves is shown. Using these
values, I obtained the following expressions for saturation and
pressure changes [assuming the V,/V; ratio is equal to 2 in
equations (17) and (18)]:

AS ~ 8(ARy + AG), (21)

AP ~23ARy — 35AG, (22)

where the water saturation is measured as a fraction and the
pore pressure is measured in megapascals. In the derivation
of equations (21) and (22), I assumed all changes are small;
hence, ARy and AG are much less than one. The scalars in
equation (22) are measured in megapascals. A change in inter-
cept of 0.04 and a gradient change of 0.01 will then correspond
to a water-saturation change of 0.4 and a pore-pressure change
of 0.6 MPa, for example. In deriving equations (21) and (22), I
assumed that the production changes (either pressure or satu-
ration) occurred in the layer below the interface. If the opposite
is the case (for instance, for the oil-water contact), we get op-
posite signs in equations (7) and (9), which again means that
both ARy and AG should have opposite signs. So when inter-
preting the estimated saturation-change and pressure-change
cubes, we should remember that, for instance, an increase in
water saturation for the top reservoir interface will appear as
a water saturation decrease (negative AS values) at the oil-
water contact. This effect is observed in Figure 7, where typical
saturation changes associated with the top Brent reflector have
opposite polarity of the changes close to the original oil-water
contact at 1950 ms.

Figure 4 shows that the AVO curves obtained after 3-D
prestack time migration often are heavily contaminated by
noise. We must expect that the intercept and gradient term
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estimates will be influenced by this noise. Because of the high
noise level, the intercept and gradient sections were estimated
directly from near- and far-offset stacks (which were less noise
contaminated than the prestack gathers).

REAL DATA EXAMPLE

Time-lapse seismic data from the Gullfaks field were used
to test the derived expressions for saturation and pressure
changes. Details about the acquisition and processing param-
eters are found in Landrget al. (1999). Figure 5 shows near-
and far-offset partial stacks from seismic data acquired pre-
production (1985) and after 10 years of production (1996). A
scaling factor between near- and far-offset stacks was deter-
mined in the following way: The AVO response for the top
Cretaceous and the top Brent interface was modeled, based
on well logs. By comparing modeled near- to-far-offset ratios
with measured ratios, a scalar was determined for each inter-
face. This procedure was repeated for several wells. An aver-
age scalar was estimated and applied to the far-offset cube.
Notice that the offset stacks from different acquisitions are
quite similar for both nears and fars. The AVO effect for
the top reservoir interface is also very clear on this display
(Figure 5; compare the amplitude decrease for the top Creta-
ceous interface with the strong amplitude increase for the top
reservoir interface). Despite the apparent similarities between
1985 and 1996 stacks, there are some distinct differences—

FIG. 4. Two bin gathers after 3-D prestack time migration,
showing the AVO for the top reservoir reflector. Top reservoir
amplitudes are shown at the top.

especially the increased amplitude for the top Cook interface.
Another feature is the reduced reflectivity near the original
oil-water contact from 1985 to 1996, especially on the far-offset
stacks.

The offset ranges used to compute the partial stacks from
different data sets were identical. Based on these near- and far-
offset stacks, intercept (Ry) and gradient cubes were calculated
(using simple assumption on average angle range covered by
each stack). Then difference cubes for intercept and gradient
were generated, as shown in Figure 6 for one in-line. Using
the intercept and gradient difference cubes, the final step was
to use the derived equations to obtain changes in saturation
and pressure. Figure 7 shows an example of a seismic profile
of saturation- and pressure-related changes. On the pressure
attribute section, the pronounced amplitude difference at the
top Cook interface is the most convincing feature.

Map views taken from the top Brent interface and the orig-
inal oil-water contact of the saturation-related attribute cube

Time (s)

Time (s)

2.6

FIG. 5. Near- and far-offset stacks for the baseline survey (1985,
top) and for the repeat survey (1996, bottom) for in-line 2760.
The position of this line is shown in Figure 8. Notice the AVO
increase at the flank of the reservoir (dipping event, marked
with arrows) and the AVO decrease at the top Cook interface.
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FIG. 6. Changes in intercept (R) and gradient (G) for the same
seismic profile as shown in Figure 4 (in-line 2760, see Figure 8).
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are shown in Figures 8 and 9, respectively. Both maps have
saturation anomalies that agree well with observations. For in-
stance, the anomaly north of injection well B-12 (visible on both
maps)isinterpreted as a water front emerging from the injector
well toward the north. This was confirmed early in 1998 when
the horizontal producer C-36 came onstream and encountered
water in the southern part of the well track after a few weeks
of production. Furthermore, the anomalies along the flank of
the field have been confirmed by repeated saturation logging
in these areas. Most of the anomalies shown in Figures 8 and 9
are also mapped on the difference cubes generated from the
conventional stacked data.

A map view of the pressure anomaly at the top of the Cook
is shown in Figure 10, together with the B-33 well path. This
well started water injection in 1995 with a rate of 3000 m? per
day. Water injection is believed to be the cause for the pres-
sure buildup within this segment. Pressure measurements in

W 7500 m E

" H Pressure changes

FI1G.7. Estimated changes in oil saturation (top) and pore pres-
sure (bottom) for in-line 2760. The pressure anomaly at the top
of the Cook is shown in Figure 10.
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FIG. 8. Map view of the top Brent (top reservoir) interface
taken from the saturation-change attribute cube. The original
oil-water contactis shown as ared, solid line; the seismic profile
shown in Figures 5-7 is also indicated. Hot color is interpreted
as areas with high probability of saturation changes close to
this interface.

this and a neighboring well show that the pore-pressure in-
crease is 5-6 MPa. Measurements in the neighboring segment
to the south show a significant pore-pressure decrease (on the
order of 6 to 7 MPa), but no evidence for this can be found on
the pressure attribute cube (Figure 10). This different behavior
between a pore-pressure increase and decrease might be ex-
plained from Figure 2, where a pore-pressure increase (corre-
sponding to a decrease in net pressure) results in a larger effect
on the seismic velocities than a corresponding pore-pressure
decrease of the same magnitude.

A detailed comparison between the fluid-saturation and the
pore-pressure change attributes is shown in Figure 11. The ex-
tension of the pressure anomaly is restricted by faults. Fault-
sealing analysis has been done on several faults at Gullfaks
but not on the faults that appear as sealing with respect to
pressure in Figure 11. In contrast, the fluid change anomaly
seems to terminate close to the original oil-water contact,
apart from the northern part of the segment. This is similar
to the top Brent fluid-saturation map shown in Figure 8, where
the anomalies follow the original oil-water contact. In 1996,
27% of the estimated reserves had been produced from this
segment, so we expect to observe some fluid changes, espe-
cially in the neighborhood of the original oil-water contact.
To the North of the oil-water contact line, however, some
scattered high-amplitude values can be observed on the fluid-
saturation attribute map (Figure 11). This is in the water zone,
so these anomalies are probably not real and must be at-
tributed to leakage between the pressure and the saturation
cubes.

DISCUSSION

From the Magnus 4-D study we know that pore-pressure de-
creases are detectable on time-lapse seismic data (Watts et al.,
1996). In the Gullfaks case the pore-pressure increases are
more detectable than pore-pressure decreases, which fits well
with the velocity—pressure curve in Figure 2. Some leakage be-
tween the fluid-saturation change cube and the pressure change

FIG. 9. Time slice through the original oil-water contact taken
from the saturation change attribute cube. Hot color is inter-
preted as areas with high probability of saturation changes
close to the original oil-water contact.
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cube is observed. This leakage might have several causes: va-
lidity of the rock physics model and core measurements, the
assumption that the parameters defined in equations (10)—(12)
are spatial invariant, uncertainties in the scaling factor between
near- and far-offset stacks, or lack of repeatability between the
base and monitor surveys. For future improvement, the most
crucial issue is to improve repeatability to reduce this leakage
problem. Despite leakage problems, the results are encour-
aging, since the estimated pressure changes fit very well with
pressure measurements in wells and the estimated saturation

changes fit very well with expected changes (apart from the
anomaly to the north).

From an exploration point of view, it is important to no-
tice that the amplitude behavior of seismic data is sensitive to
changes in pore pressure and saturation and that the two effects
have different AVO behaviors. From Figure 5 we see that the
dipping event at the flank of the top Brent structure (marked
with arrows on the figure) has a pronounced amplitude in-
crease with offset (1985 data). For the top Cook interface,
which has approximately the same dip as the top Brent event,

|ln11;1e 2760 | e .|

*

Pore pressure .
increase caused by
water injection

PCTIT 3 e
-~ T o

YGET=B-19K2

F1G. 10. Map view of the top Cook interface taken from the pressure-change attribute cube. Hot color is interpreted as areas with
high probability of pressure changes close to this interface. The pressure anomaly on this map is confirmed by well observations in

the segment.

FIG. 11. Comparison of fluid-saturation change attribute map (left) and pore-pressure change attribute map (right) of the top Cook
interface. The original oil-water contact is shown in dashed blue lines on both maps. Notice that the pressure anomaly terminates
close to faults, while the fluid anomaly terminates close to the original oil-water contact in the western part of this segment.
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an amplitude decrease with offset is observed (1996 data). As
mentioned above, this segment was overpressured in 1996, and
this gives an indication that calibrated AVO analysis might help
to distinguish between pressure and fluid effects.

Multicomponent seismic (especially sea-bed seismic) data
will probably be a complementary tool to better discriminate
between various production effects for future time-lapse seis-
mic projects. It is straightforward to incorporate, for instance,
a PS-converted stack into the scheme presented here. All com-
putations were done using conventional interactive processing
software, and the derived equations were straightforward to
implement in such an environment.

CONCLUSIONS

Approximate formulas for computing saturation- and
pressure-related changes from time-lapse seismic data have
been derived and successfully tested on a time-lapse seismic
data set. The formulas are explicit expressions related to near-
and far-offset stacks and are therefore well suited for direct im-
plementation in a processing package. Necessary input to ob-
tain the equations is a rock physics model that relates changes
in the seismic parameters to changes in pressure and saturation.
An interactive processing package was used for all computa-
tions.

The method discriminates well between fluid-saturation
and pore-pressure changes. Some leakage from the pressure-
attribute cube into the saturation-attribute cube are observed.
In some areas saturation changes can be observed in the water
zone, while well measurements show there have been pressure
changes. Fewer leakage problems are observed for the satu-
ration cube into the pressure cube. Both attribute cubes have
been a valuable supplement to more conventional time-lapse
seismic interpretation techniques.

Finally, itis useful to obtain separate attribute cubes for fluid-
saturation and pore-pressure changes. From a reservoir man-
agement view, such data cubes are valuable because they can
be compared directly with wells observations and extended to
areas between wells. This method is therefore a complemen-
tary tool for monitoring well performance and planning infill
wells in a mature reservoir.
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APPENDIX A
SECOND-ORDER APPROXIMATION FOR REFLECTIVITY CHANGE

Assume the P-wave velocity in layer 1 (o ) remains constant
between the baseline and the repeated survey as well as for the
S-wave velocity (8;) and the density (p;). In layer 2 (which is
assumed to be the porous reservoir layer), the preproduction
parameters are denoted «,, S,, etc. The same parameters after
fluid substitution in layer 2 are denoted o}, Ba', etc. The litho-
logical parameter contrast in P-wave velocity is Ao =y — o,
while the parameter contrast from fluid changes in layer 2 can
be expressed as Ao’ = o) — ;. The reflection coefficient prior
to production is [assuming the Smith and Gidlow (1987) ap-
proximation|

2
Ry(9) = %<%+ﬁ) _ 2 <£+

2A
— —'B sin’ @
o a? \ p B

A
+ 2—3 tan’ 0, (A-1)

where o = (o1 + «)/2, etc. After fluid substitution in layer 2,
we find the postproduction reflection coefficient as

’ ’ n / /
R1(0) = E(Ap + Ao ) — 2p (Ap + —ZAfg >sin29

2 ,0/ o a? p/ ,3
A /
+ 23’ tan 6. (A-2)

In equation (A-2), Ad’ = &) —a; = o + Aaf —a; = Aa +
Aaf, ete. Correspondingly, o’ = (a1 + ap + Aa™)/2 = afl +
(Aaf j2a)], etc. Introducing this into equation (A-2), we
obtain



Aaf AB 2AozF ABF ApApT

1((Ap+ Ap” Ap” Aa + Aaf
Ri0) = (2L (1- 2P @+ A —2
2 0 2p o a B a B 202
ABF\? (AT ., 1 /(AaAaf  (Aaf)? 5
<1 AaF)) 252<1+ ﬁ) — 207 sin“ g — — o2 + o2 tan” 6,
X — —
2a < Aaf\? (A-4)
a?(1 )
20 which means reflectivity changes including terms to second or-
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APPENDIX B
A NUMERICAL EXAMPLE

To test the validity of equation (7), a numerical example is
shown in this appendix. Values typical for the cap rock (layer
1) and the reservoir zone (layer 2) at Gullfaks are used. The
fluid substituted parameters representing the postproduction
case for layer 2 have been estimated using the Gassmann equa-
tion. The numerical values for the three seismic parameters are
listed in Table B-1.

Inserting the values from Table B-1 into equations (A-1) and
(A-2), we find the following reflection coefficients for the pre-
and postproduction cases:

Ro(0) = —0.038 — 0.095sin® 0 — 0.026 tan? 0, (B-1)
Ry(0) = 0.043 — 0.083sin? 0 + 0.035tan?0.  (B-2)

The exact change in reflectivity from production is therefore
ARF = R1 — R()I

ART(9) = 0.081 +0.013sin’ 6 + 0.061 tan?6.  (B-3)

Using the lowest order approximation to AR as expressed in
equation (7) yields

AR"(9) = 0.084 + 0.063 tan* 6, (B-4)

which means that the deviation between the two ways of esti-
mating the change in reflectivity is 4% at zero offset and 1%
for an angle of 30°. Using the second-order equation (A-5) in-
stead of the lowest order approximation for AR gives exactly
the same result as equation (B-3).

Table B-1. Seismic parameters used in the numerical example

Seismic Layer 2 Layer 2 Average Average Contrast Contrast

parameter Layer 1 preprod. postprod preprod. postprod. preprod. postprod.
P-wave (m/s) 2000 1900 2147 1950 2074 —100 147
S-wave (m/s) 1000 1100 1078 1050 1088 100 78
Density (g/cm?) 2.0 1.95 2.03 1.98 2.02 —0.05 0.03




