
Chapter 19

4D Seismic

Martin Landrø

19.1 Introduction

The term 4D seismic reflects that calendar time rep-
resents the fourth dimension. A more precise term is
repeated seismic, because that is actually what is done:
a seismic survey over a given area (oil/gas field) is
repeated in order to monitor production changes. Time-
lapse seismic is another term used for this. For some
reason, the term 4D seismic is most common, and we
will therefore use it here. It is important to note that
if we repeat 2D surveys, it is still denoted 4D seismic
according to this definition. Recent examples of such
surveys are repeated 2D lines acquired over the Troll
gas province.

Currently there are three major areas where 4D
seismic is applied. Firstly, to monitor changes in a
producing hydrocarbon reservoir. This is now an estab-
lished procedure being used worldwide. So far, 4D
seismic has almost exclusively been used for clas-
tic reservoirs and only rarely for carbonate reservoirs.
This is because carbonate reservoirs (apart from those
in porous chalk) are stiffer, and the effect on the seis-
mic parameters of substituting oil with water is far
less pronounced. Secondly, 4D seismic is being used
to monitor underground storage of CO2. Presently,
there is a global initiative to decrease the atmospheric
CO2 content, and one way to achieve this goal is to
pump huge amounts of CO2 into saline aquifers. A
third application of 4D seismic (with other geophysical
methods) is the monitoring of geohazards (landslides,
volcanoes etc.), however this will not be covered here.
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The business advantage of using 4D seismic on a
given field is closely correlated with the complexity of
the field. Figure 19.1 shows a 3D perspective view of
the top reservoir (top Brent) interface for the Gullfaks
Field. Since the oil is trapped below such a complex 3D
surface, it is not surprising that oil pockets can remain
untouched even after 10–15 years of production. Since
4D seismic can be used to identify such pockets, it is
easy to understand the commercial value of such a tool.
However, if the reservoir geometry is simpler, the num-
ber of untapped hydrocarbon pockets will be less and
the business benefit correspondingly lower.

The first 4D seismic surveys were probably
acquired in America in the early 1980s. It was soon
realised that heavy oil fields were excellent candidates
for 4D seismic. Heavy oil is highly viscous, so thermal
methods such as combustion or steam injection were
used to increase its mobility. Combustion describes
a burning process, which normally is maintained by
injection of oxygen or air. As the reservoir is heated,
the seismic P-wave velocity decreases, and this results
in amplitude changes between baseline and monitor
seismic surveys.

The best known example is maybe the one pub-
lished by Greaves and Fulp in 1987, for which they
received the award for the best paper in Geophysics.
They showed that such thermal recovery methods
could be monitored by repeating conventional 3D land
seismic surveys (Fig. 19.2). These early examples of
seismic monitoring of thermal recovery methods did
not immediately lead to a boom in the 4D industry,
mainly because they were performed on small and very
shallow onshore fields. The major breakthrough for
commercial 4D seismic surveys in the North Sea was
the Gullfaks 4D study launched by Statoil in 1995.
Together with WesternGeco a pilot study was done
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Fig. 19.1 3D seismic image
of the top reservoir interface
(top Brent Group) at the
Gullfaks Field. Notice the
fault pattern and the
complexity of the reservoir
geometry
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over the major northern part of the field, and the ini-
tial interpretation performed shortly after this monitor
survey demonstrated a promising potential.

However, the first use of 4D seismic in the North
Sea was probably the monitoring of an underground
flow (Larsen and Lie 1990). In January 1989, when
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Fig. 19.3 Seismic
monitoring of the
underground flow caused by
drilling a deep Jurassic well in
1989 in the North Sea. The
new seismic event marked by
the red arrow on the middle
section is interpreted as a
gas-filled sand body. On the
lower section (6 months after
the drilling event) the areal
extent of this event has
increased further. Figure
provided by Dag O. Larsen,
from his SEG-presentation in
1990

drilling a deep Jurassic well, Saga Petroleum had to
shut the well by activating the BOP. The rig was moved
off location, and a relief well was spudded. When the
rig was reconnected 3 months later, the pressure had
dropped, indicating a subsurface fluid transfer. The
flow and the temperature measurements indicated a
leak in the casing at 1,334 mSS. A strong amplitude
increase at the top of a sand layer could be observed
on the time-lapse seismic data close to this well
(Fig. 19.3) – showing the fluid was gas.

The areal extent of this 4D anomaly increased from
one survey to the next. After 4 months this amplitude
increase was also observed on shallower interfaces,
probably connected to gas migrating upwards to shal-
lower sand layers.

19.2 Rock Physics and 4D Seismic

When a hydrocarbon field is produced, there are sev-
eral reservoir parameters that might change, most
crucially:

– fluid saturation changes
– pore pressure changes
– temperature changes
– changes in layer thickness (compaction or

stretching).

A critical part of all 4D studies is to link key reser-
voir parameters like pore pressure and fluid saturation

to the seismic parameters. Rock physics provides this
link. Both theoretical rock physics models and lab-
oratory experiments are used as important input to
time-lapse seismic analysis. A standard way of relating
for instance P-wave seismic velocity to changes in fluid
saturation is to use the Gassmann model. Figure 19.4
shows one example, where a calibrated Gassmann
model has been used to determine how the P-wave
velocity changes with water saturation (assuming that
the reservoir fluid is a mixture of oil and water).

In addition, various contact models have been
proposed to estimate the effective modulus of a
rock. Mavko, Mukerji and Dvorkin present some of
these models in their rock physics handbook (1998).
The Hertz-Mindlin model (Mindlin 1949) can be
used to describe the properties of pre-compacted
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Fig. 19.4 Relative change in P-wave velocity versus water satu-
ration, estimated from a calibrated Gassmann model. Zero water
saturation corresponds to 100% oil
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granular rocks. The effective bulk modulus of dry
random identical sphere packing is given by:

Keff =
{

C2
p(1 − ϕ)2G2P

18π2(1 − σ )2

} 1
3

(19.1)

where Cp is the number of contact points per grain, ϕ

is porosity, G is the shear modulus of the solid grains,
σ is the Poisson ratio of the solid grains and P is the
effective pressure (that is P = Peff). The shear modulus
is given as:

Geff =
{

3C2
p(1 − ϕ)2G2P

2π2(1 − σ )2

} 1
3 5 − 4σ

5(2 − σ )
(19.2)

This leads to:

VP =
√

Keff + 4
3 Geff

ρ
(19.3)

VS =
√

Geff

ρ
(19.4)

where Vp and Vs are P- and S-wave velocities, respec-
tively, and ρ is the sandstone density. Inserting Eqs.
(19.1) and (19.2) into Eqs. (19.3) and (19.4) and
computing the Vp/Vs ratio, yields (assuming σ = 0):

VP

VS
= √

2. (19.5)

This means that according to the simplest granular
model (Hertz-Mindlin), the Vp/Vs ratio should be con-
stant as a function of confining pressure if we assume
the rock is dry. The Hertz-Mindlin model assumes the
sand grains are spherical and that there is a certain area
of grain-to-grain contacts. A major shortcoming of the
model is that at the limit of unconsolidated sands,
both the P and S-wave velocities will have the same
behaviour with respect to pressure changes, as shown
in Eq. (19.5). Combining with the Gassmann (1951)
model (i.e. introducing fluids in the pore system of the
rock), will ensure that the P-wave velocity approaches
the fluid velocity for zero effective stress, and not zero
as in the Hertz-Mindlin model (dry rock assumption).

If we assume that the in situ (base survey) effective
pressure is P0 we see from Eq. (19.3) that the relative
P-wave velocity versus effective pressure is given as:

VP

VP0

=
(

P

P0

) 1
6

(19.6)

Figure 19.5 shows this relation for an in situ effec-
tive pressure of 6 MPa. When such curves are com-
pared to ultrasonic core measurements, the slope of the
measured curve is generally smaller than this simple
theoretical curve. The cause for this might be multi-
fold: Firstly, the Hertz-Mindlin model assumes the
sediment grains are perfect, identical spheres, which
is never found in real samples. Secondly, the ultrasonic
measurements might suffer from scaling issues, core
damage and so on. Thirdly, cementation effects are
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Fig. 19.5 Typical changes in P-wave velocity versus effective
pressure using the Hertz-Mindlin model. In this case the in situ
effective pressure (prior to production) is 6 MPa, and we see that
a decrease in effective pressure leads to a decrease in P-wave

velocity. The black curve represents the Hertz-Mindlin model
(exponent = 1/6, as in Eq. (19.6)), the red curve is a modi-
fied version of the Hertz-Mindlin model (exponent = 1/10) that
better fits the ultrasonic core measurements
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not included in the Hertz-Mindlin model. It is there-
fore important to note that there are major uncertain-
ties regarding the actual dependency between seismic
velocity and pore pressure changes.

19.3 Some 4D Analysis Techniques

The analysis of 4D seismic data can be divided into
two main categories, one based on the detection of
amplitude changes, the other on detecting travel-time
changes, see Fig. 19.6. Practical experience has shown
that the amplitude method is most robust, and therefore
this has been the most frequently employed method.
However, as the accuracy of 4D seismic has improved,
the use of accurate measurements of small timeshifts
is increasingly the method of choice. There are sev-
eral examples where the timeshift between two seismic
traces can be determined with an accuracy of a frac-
tion of a millisecond. A very attractive feature of 4D
timeshift measurement is that it is proportional to the
change in pay thickness, and this method provides
a direct quantitative result. The two techniques are
complementary in that amplitude measurement is a
local feature (measuring changes close to an interface),
while the timeshift method measures average changes
over a layer, or even a sequence of layers.

In addition to the direct methods mentioned above,
4D seismic interpretation is aided by seismic model-
ling of various production scenarios, often combined

Two complementary 4D analysis techniques

- Qualitative interpretation

- More noisy

- Quantitative approach

Top reservoir

1985 1995

OWC

- Discriminate between
  drained and undrained
  segments

Amplitude
changes

Pullup
effects

Time shift is
proportional
to change in
pay thickness

Fig. 19.6 Shows the two 4D analysis techniques. Notice there
are no amplitude changes at top reservoir between 1985 and
1995, but huge amplitude changes at the oil-water contact
(OWC). Also note the change in travel time (marked by the
yellow arrow) for the seismic event below the oil-water contact

with reservoir fluid flow simulation and 1D scenario
modelling based on well logs.

19.4 The Gullfaks 4D Seismic Study

One of the first commercially successful 4D examples
from the North Sea was the Gullfaks study (Landrø
et al. 1999). There are two simple explanations for
this success: the complexity of the reservoir geometry
(Fig. 19.1) means that there will be numerous pock-
ets of undrained oil, and there is a strong correlation
between the presence of oil and amplitude brightening
as shown in Fig. 19.7.

In addition to these two observations, a rock physics
feasibility study was done, and the main results are
summarised in Fig. 19.8. It is important to note that the
key parameter for 4D seismic is not the relative change
in the seismic parameters, but the expected change in
reflectivity between the base and monitor surveys. If
we assume that the top reservoir interface separates
the cap rock (Layer 1) and the reservoir (Layer 2),
it is possible to estimate the relative change in the
zero offset reflection coefficient (Landrø et al. 1999)
caused be production changes in the reservoir layer.
Denoting the acoustic impedances (velocity times den-
sity) in Layers 1 and 2 by λ1 and λ2, respectively, and
using B and M to denote base and monitor surveys, we
find that the change in reflectivity is given as (Landrø
et al. 1999):

�R

R
= λM

2 − λB
2

λB
2 − λB

1

= �AI(production)

�AI(original)
. (19.7)

Here we have assumed that the change in acous-
tic impedance in Layer 2 is small compared to the
actual impedance. Equation (19.7) means that the
change in reflectivity is equal to the change in acous-
tic impedance in Layer 2 divided by the original
(pre-production) acoustic impedance contrast between
Layers 1 and 2. For Gullfaks, the expected change
in acoustic impedance is 8% (assuming 60% satu-
ration change, Fig. 19.8) while the original acoustic
impedance contrast for top reservoir was approxi-
mately 18%. The estimated relative change in reflec-
tivity is therefore 44% (8/18). This is the basic back-
ground for the success of using 4D seismic at Gullfaks,



432 M. Landrø

Fig. 19.7 Amplitude map for the top reservoir event at Gullfaks. The purple solid line represents the original oil-water contact.
Notice the strong correlation between high amplitudes (red colours) and presence of oil. The size of one square is 1,250 by 1,250 m
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Fig. 19.8 Expected changes (based on rock physics) of key seismic parameters for pore pressure changes (two left columns) and
for two fluid saturation scenario changes (two right columns)
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1985

1996

Fig. 19.9 Seismic data from 1985 (upper right) and 1996
(lower right) and the corresponding 4D interpretation to the left
(green representing oil, and blue water)

as shown in Fig. 19.9. The effect of replacing oil
with water is evident on this figure, and is further
strengthened by the amplitude difference map taken
at the original oil-water contact (Fig. 19.10). Several
Gullfaks wells have been drilled based on 4D inter-
pretation, and a rough estimate of the extra income
generated by using time-lapse seismic data is more
than 1 billion USD.

19.5 Repeatability Issues

The quality of a 4D seismic dataset is dependent
on several issues, such as reservoir complexity and
the complexity of the overburden. However, the most
important issue that we are able to influence is the
repeatability of the seismic data, i.e. how accurately
we can repeat the seismic measurements. This acquisi-
tion repeatability is dependent on a number of factors
such as:

• Varying source and receiver positions (x, y and z
co-ordinates)

• Changing weather conditions during acquisition
• Varying seawater temperature
• Tidal effects
• Noise from other vessels or other activity in the area

(rig noise)
• Varying source signal
• Changes in the acquisition system (new vessel,

other cables, sources etc.)
• Variation in shot-generated noise (from previous

shot).

Fig. 19.10 Seismic difference section (top) and amplitude difference map at the original oil-water contact (OWC) (bottom). Red
colour indicates areas that have been water-flushed, and white areas may represent bypassed oil
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Disregarding the weather conditions (the only way
to “control” weather is to wait), most of the items
listed are influenced by acquisition planning and per-
formance. A common way to quantify repeatability is
to use the normalised RMS (root-mean-square)-level,
that is:

NRMS = 2
RMS(monitor − base)

RMS(monitor) + RMS(base)
, (19.8)

where the RMS-levels of the monitor and base traces
are measured within a given time window. Normally,
NRMS is measured in a time window where no pro-
duction changes are expected. Figure 19.11 shows two
seismic traces from a VSP (Vertical Seismic Profile)
experiment where the receiver is fixed (in the well
at approximately 2 km depth), and the source co-
ordinates are changed by 5 m in the horizontal direc-
tion. We notice that the normalised rms-error (NRMS)
in this case is low, only 8%.

In 1995 Norsk Hydro acquired a 3D VSP dataset
over the Oseberg Field in the North Sea. This dataset
consists of 10,000 shots acquired in a circular shoot-
ing pattern and recorded by a 5-level receiver string
in the well. By comparing shot-pairs with different
source positions (and the same receiver), it is possi-
ble to estimate the NRMS-level as a function of the
horizontal distance between the shot locations. This
is shown in Fig. 19.12, where approximately 70,000

Fig. 19.11 Two VSP-traces measured at exactly the same posi-
tion in the well, but with a slight difference in the source location
(5 m in the horizontal direction). The distance between two
timelines is 50 ms. The difference trace is shown to the right
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Fig. 19.13 Schematic view showing improvement in seismic
repeatability (NRMS) versus calendar time

shot pairs with varying horizontal mis-positioning are
shown. The main message from this figure is clear. It
is important to repeat the horizontal positions both for
sources and receivers as accurately as possible; even a
misalignment of 20–30 m might significantly increase
the NRMS-level.

Such a plot can serve as a variogram, since it
shows the spread for each separation distance. Detailed
studies have shown that the NRMS-level increases sig-
nificantly in areas where the geology along the straight
line between the source and receiver is complex. From
Fig. 19.12 we see that the NRMS-value for a shot
separation distance of 40 m might vary between 20
and 80% and a significant portion of this spread is
attributed to variation in geology. This means that it is
not straightforward to compare NRMS-levels between
various fields, since the geological setting might be
very different. Still, NRMS-levels are frequently used,
since they provide a simple, quantitative measure.
It is also important to note that the NRMS-level is

frequency dependent, so the frequency band used in
the data analysis should be given.

During the last two decades the focus on source
and receiver positioning accuracy has lead to a
significant improvement in the repeatability of 4D
seismic data. Some of this is also attributed to bet-
ter processing of time-lapse seismic data. This trend
is sketched in Fig. 19.13. Today the global average
NRMS-level is around 20–30%. It is expected that this
trend will continue, though not at the same rate because
the non-repeatable factors that need to be tackled to get
beyond 20–30% are more difficult. In particular, rough
weather conditions will represent a major hurdle.

19.6 Fixed Receiver Cables

For marine seismic data, there are several ways to con-
trol the source and receiver positions. WesternGeco
developed their Q-marine system, where the stream-
ers can also be steered in the horizontal direction (x
and y). This means that it is possible to repeat the
receiver positions by steering the streamers into pre-
defined positions. The devices are shown attached to
the streamers in Fig. 19.14.

Another way to control the receiver positions is to
bury the receiver cables on the seabed. One of the first
commercial offshore surveys of this kind was launched
at the Valhall Field in the southern part of the North
Sea in 2003. Since then, more than 11 surveys have
been acquired over this field. The buried cables cover
70% of the entire field and the 4D seismic data qual-
ity is excellent. The fact that more than 10 surveys
have been recorded into exactly the same receiver posi-
tions, opens for alternative and new ways (exploiting
the multiplicity that more than 2 datasets offers) of

Fig. 19.14 Photographs of
the birds (controlling devices)
attached to a marine seismic
cable at deployment (left) and
in water operation (right).
These devices make it
possible to steer the cable
with reasonable accuracy into
a given position (Courtesy of
WesternGeco)
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analysing time-lapse seismic data. Other advantages
offered by permanent receiver systems are:

– cheaper to increase the shot time interval in order to
reduce the effect of shot generated noise

– continuous monitoring of background noise
– passive seismic
– possible to design a dedicated monitoring survey

close to a problem well at short notice.

Despite all these advantages that permanent sys-
tems offer, there has not been a marked increase in
such surveys so far, probably because of the relatively
high upfront costs and the difficulty in quantifying in
advance the extra value it would bring.

19.7 Geomechanical Effects

Geomechanics has traditionally been an important
discipline in both the exploration and production of
hydrocarbons. However, the importance for geome-
chanics of time-lapse seismic monitoring was not fully
realised before the first results from the Chalk fields
in the southern North Sea (Ekofisk and Valhall) were
interpreted. Figure 19.15 shows map views of esti-
mated travel-time shifts between base and monitor
surveys at Ekofisk (Guilbot and Smith 2002), where
the seafloor subsidence had been known for many
years. The physical cause for the severe compaction
of the Chalk reservoir is two-fold. Firstly, depletion
of the field leads to pore pressure decrease, and hence
the reservoir rock compacts mechanically due to lack
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caused by the gas chimney problem at Ekofisk, leading to lack of high quality seismic data in this area (from Guilbot and Smith
2002)
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of pressure support. Secondly, the chemical reaction
between the chalk matrix and the water replacing the
oil leads to a weakening of the rock framework, and a
corresponding compaction.

When the reservoir rock compacts, the over- and
under burden will be stretched. This stretch is rel-
atively small (of the order of 0.1%). However, this
leads to a small velocity decrease that is observable as
timeshifts on time-lapse seismic data. Typical observa-
tions of seafloor subsidence show that the subsidence
is less than the measured compaction for the reservoir.
The vertical movement of the seafloor is often approx-
imately 20% less than that of the top reservoir, though
is strongly dependent on reservoir geometry and the
stiffness of the rocks above and below.

The commonest way to interpret 4D seismic data
from a compacting reservoir is to use geomechanical
modelling as a complementary tool. One such exam-
ple (Hatchell and Bourne 2005) is shown in Fig. 19.16.
Note that the negative timeshifts (corresponding to
a slowdown caused by overburden stretching) con-
tinue into the reservoir section. This is due to the
fact that the reservoir section is fairly thin in this
case and even a compaction of several metres is not
enough to shorten the travel time enough to counteract
the cumulative effect. Similar effects have also been
observed for sandstone reservoirs, such as the Elgin

and Franklin fields. Normally, sandstone reservoirs
compact less that chalk reservoirs and the correspond-
ing 4D timeshifts are therefore less, although still
detectable. Most of the North Sea sandstone reser-
voirs show negligible compaction, and therefore these
effects are normally neglected in 4D studies. However,
as the accuracy of 4D seismic is increasing, it is
expected that compaction will be observed for several
of these fields as well. For instance, the anticipated
compaction of the Troll East field is around 0.5–1 m
after 20 years of production, and this will probably be
detectable by 4D seismic.

A major challenge when the thickness of subsurface
layers is changed during production, is to distinguish
between thickness changes and velocity changes. One
way to resolve this ambiguity is to use geomechan-
ical modelling as a constraining tool. Another way
is to combine near and far offset travel time analy-
sis (Landrø and Stammeijer 2004) to estimate velocity
and thickness changes simultaneously. Hatchell et al.
and Røste et al. suggested in 2005 using a factor
(R) relating the relative velocity change (dv/v) to the
relative thickness change (dz/z; displacement)

R = −dv/v

dz/z
. (19.9)
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Fig. 19.16 Comparison of
measured timeshifts from 4D
seismic data (top) and
geomechanical modelling.
The black solid line represents
the top reservoir. Notice that
the slowdown (blue colours)
continues into the reservoir
(from Hatchell and Bourne
2005)
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Hatchell et al. found that this factor varies between
1 and 5, and is normally less for the reservoir rock than
the overburden rocks. For sandstones and clays it is
common to establish empirical relationships between
seismic P-wave velocity (v) and porosity (ϕ). These
relations are often of the simple linear form:

v = aϕ + b, (19.10)

where a and b are empirical parameters. If a rock is
stretched (or compressed), a corresponding change in
porosity will occur. Assuming that the lateral extent
of a reservoir is large compared to the thickness, it is
reasonable to assume a uniaxial change as sketched in
Fig. 19.17. From simple geometrical considerations we
see that the relation between the thickness change and
the corresponding porosity change is:

dz

z
= dϕ

1 − ϕ
, (19.11)

In the isotropic case (assuming that the rock is
stretched in all three directions), we obtain:

dz

z
= dϕ

3(1 − ϕ)
. (19.12)

Inserting Eqs. (19.10) and (19.11) into (19.9) we
obtain an explicit expression for the dilation factor R:

R = 1 − a + b

v
, (19.13)

Uniaxial stretching of a rock
x
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h(x + x – h) (h + dx)x + (x – h)h
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=
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h+dx x+dx
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= =

Fig. 19.17 Cartoon showing the effect of increased porosity
due to stretching of a rock sample

which is valid for the uniaxial case. Using Eq. (19.12)
instead of (19.11) gives a similar equation for the
isotropic case.

19.8 Discrimination Between Pore
Pressure and Saturation Effects

Although the main focus in most 4D seismic studies
is to study fluid flow and detect bypassed oil pockets,
the challenge of discriminating between pore pressure
changes and fluid saturation changes occurs frequently.
From rock physics we know that both effects influence
the 4D seismic data. However, as can be seen from
Fig. 19.8, the fluid pressure effects are not linked to
the seismic parameters in the same way as the fluid
saturation effects. This provides an opportunity to dis-
criminate them, since we have different rock physics
relations for the two cases. Some of the early attempts
to perform this discrimination between pressure and
saturation were presented by Tura and Lumley (1999)
and Landrø (1999). In Landrø’s method (2001) the
rock physics relations (based on Gassmann and ultra-
sonic core measurements) are combined with simple
AVO (amplitude versus offset) equations to obtain
direct expressions for saturation changes and pressure
changes. Necessary input to this algorithm is near and
far offset amplitude changes estimated from the base
and monitor 3D seismic cubes. This method was tested
on a compartment from the Cook Formation at the
Gullfaks Field. Figure 19.18 shows a seismic profile
(west–east) through this compartment.

A significant amplitude change is observed for the
top Cook interface (red solid line in the figure), both
below and above the oil-water contact. The fact that
this amplitude change extends beyond the oil-water
contact is a strong indication that it cannot be solely
related to fluid saturation changes, and a reasonable
candidate is therefore pore pressure changes. Indeed,
it was confirmed that the pore pressure had increased
by 50–60 bars in this segment, meaning that the reser-
voir pressure is approaching fracture pressure. We also
observe from this figure that the base reservoir event
(blue solid line) is shifted slightly downwards, by 2–
3 ms. This slowdown is interpreted as a velocity drop
caused by the pore pressure increase in the segment.

Figure 19.19 shows an attempt to discriminate
between fluid saturation changes and pressure changes
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1985
OWC

C-3
Top Cook

1996

Fig. 19.18 Seismic section
through the Cook Formation
at Gullfaks. The cyan solid
line indicates the original
oil-water contact (marked
OWC). Notice the significant
amplitude change at top Cook
between 1985 and 1996, and
that the amplitude change
extends beyond the
OWC-level, a strong
indication that the downflank
amplitude change is caused by
pore pressure changes

Fig. 19.19 Estimated fluid saturation changes (left) and pore
pressure changes (right) based on 4D AVO analysis for the top
Cook interface at Gullfaks. The blue solid line represents the

original oil-water contact. Notice that the estimated pressure
changes extend beyond this blue line to the west, and terminate
at a fault to the east. Yellow colours indicate significant changes

for this compartment using the method described in
Landrø (2001). In 1996, 27% of the estimated recov-
erable reserves in this segment had been produced, so
we know that some fluid saturation changes should be
observable on the 4D seismic data.

From this figure we see that in the western part
of the segment most of the estimated fluid saturation
changes occur close to the oil-water contact. However,
some scattered anomalies can be observed beyond the
oil-water contact in the northern part of the segment.
These anomalies are probably caused by inaccuracies
in the algorithm or by limited repeatability of the time-
lapse AVO data. The estimated pressure changes are
more consistent with the fault pattern in the region,
and it is likely that the pressure increase is confined
between faults in almost all directions. Later time-
lapse surveys show that the eastern fault in the figure
was “opened” some years later.

19.9 Other Geophysical Monitoring
Methods

Parts of this section are taken from “Future challenges
and unexplored methods for 4D seismics”, by Landrø,
Recorder (2005).

Up to now, 4D seismic has proved to be the
most effective way to monitor a producing reser-
voir. However, as discussed above, there are several
severe limitations associated with time lapse seis-
mic. One of them is that seismic reflection data is
sensitive to acoustic impedance (velocity times den-
sity). Although 4D time shift can reveal changes in
average velocity between two interfaces, an indepen-
dent measurement of density changes would be a use-
ful complement to conventional 4D seismic. The idea
of actually measuring the mass change in a reservoir
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caused by hydrocarbon production has been around
for quite some time. The limiting factor for gravi-
metric reservoir monitoring has been the repeatability
(or accuracy) of the gravimeters. However, Sasagawa
et al. (2003) demonstrated that improved accuracy can
be achieved by using 3 coupled gravimeters placed
on the seabed. This technical success led to a full
field programme at the Troll Field, North Sea. Another
successful field example was time-lapse gravity
monitoring of an aquifer storage recovery project in
Leyden, Colorado (Davis et al. 2005), essentially map-
ping water influx. Obviously, this technique is best
suited for reservoirs where significant mass changes
are likely to occur, such as water replacing gas.
Shallow reservoirs are better suited than deep. The size
of the reservoir is a crucial parameter, and a given min-
imum size is required in order to obtain observable
effects. In quite another field, gravimetric measure-
ments might help in monitoring volcanic activity by
distinguishing between fluid movements and tectonic
activity within an active volcano.

Around 2000 the hydrocarbon industry started
to use electromagnetic methods for exploration.
Statoil performed a large scale research project that
showed that it is possible to discriminate between
hydrocarbon-filled and water-filled reservoirs from
controlled source electromagnetic (CSEM) measure-
ments. Since this breakthrough of CSEM surveys some
years ago (Ellingsrud et al. 2002) this technique has
mainly been used as an exploration tool, in order
to discriminate between hydrocarbon-filled rocks and
water-filled rocks. Field tests have shown that such
data are indeed repeatable, so there should definitely
be a potential for using repeated EM surveys to moni-
tor a producing reservoir. So far, frequencies as low as
0.25 Hz (and even lower) are being used, and then the
spatial resolution will be limited. However, as a com-
plementary tool to conventional 4D seismic, 4D EM
might be very useful. In many 4D projects it is hard to
quantify the amount of saturation changes taking place
within the reservoir, and time-lapse EM studies might
be used to constrain such quantitative estimates of the
saturation changes. Furthermore, unlike conventional
4D seismic which is both pressure and saturation sensi-
tive, the EM technique is not very sensitive to pressure
changes, so it may be a nice tool for separating between
saturation and pressure changes.

In a recent paper, Johansen et al. (2005) show that
the EM response over the Troll West gas province

is significantly above the background noise level, see
Fig. 19.20. If we use the deviation from a smooth
response as a measure of the repeatability level, a
relative amplitude variation of approximately 0.1–
0.2 (measured in normalised EM amplitude units) is
observed. Compared to the maximum signal observed
at the crest of the field (2.75) this corresponds to a
repeatability level of 4–7%, which is very good com-
pared to conventional time-lapse seismic. This means
it is realistic to assume that time-lapse EM data can
provide very accurate low-resolution (in x-y plane)
constraints on the saturation changes observed on 4D
seismic data. Recently, Mittet et al. (2005) showed
that depth migration of low frequency EM data may
be used to enhance the vertical resolution. In a field
data example, the vertical resolution achieved by this
type of migration is maybe of the order of a few hun-
dred metres. The EM sensitivity is determined by the
reservoir thickness times the resistivity, underlining the
fact that both reservoir thickness and reservoir resistiv-
ity are crucial parameters for 4D CSEM. This means
that the resolution issue with the active EM method
is steadily improving, and such improvements will of
course increase the value of repeated CSEM data as a
complement to conventional 4D seismic.

By using the so-called interferometric synthetic
aperture radar principle obtained from orbiting satel-
lites, an impressive accuracy can be attained in mea-
suring the distance to a specific location on the earth’s
surface. By measuring the phase differences for a
signal received from the same location for different
calendar times, it is possible to measure the relative
changes with even higher accuracy. By exploiting a
sequence of satellite images, height changes can be
monitored versus time. The satellites used for this
purpose orbit at approximately 800 km.

Several examples of monitoring movements of the
surface above a producing hydrocarbon reservoir have
been reported, though there are of course limitations
to the detail of information such images can provide
for reservoir management. The obvious link to the
reservoir is to use geomechanical modelling to tie the
movements at the surface to subsurface movements.
For seismic purposes, such a geomechanical approach
can be used to obtain improved velocity models in
a more sophisticated way. If you need to adjust
your geomechanical model to obtain correspondence
between observed surface subsidence and reservoir
compaction, then this adjusted geomechanical model
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Fig. 19.20 Modelled (open
circles) and measured (red
circles) relative electrical field
strength as a function of offset
(top). The values are
normalised to the response
outside the reservoir (blue
circels). Bottom figure shows
relative values for a constant
offset of 6.5 km along a
profile, where the background
shows the reservoir model.
Notice that the relative signal
increases by a factor of 3
above the thickest part of the
reservoir (figure taken from
Johansen et al. 2005)

can be used to distinguish between overburden rocks
with high and low stiffness for instance, which again
can be translated into macro-variations of the over-
burden velocities. The deeper the reservoir, the lower
the frequency (less vertical resolution) of the surface
imprint of the reservoir changes, thus this method
can not be used directly to identify small pockets of
undrained hydrocarbons. However, it can be used as
a complementary tool for time-lapse seismic since it
can provide valuable information on the low frequency
spatial signal (slowly varying in both horizontal and
vertical directions) of reservoir compaction.

19.10 CO2 Monitoring

This text is taken from the paper “Quantitative Seismic
Monitoring Methods” by Landrø (2008), in ERCIM
News 74, pp. 16–17:

Interest in CO2 injection, both for storage and as
a tertiary recovery method for increased hydrocar-
bon production, has grown significantly over the last
decade. Statoil has stored approximately 10 million
tons of CO2 in the Utsira Formation at the Sleipner
Field, and several similar projects are now being
launched worldwide. At NTNU our focus has been
to develop geophysical methods to monitor the CO2-
injection process, and particularly to try to quantify the
volume injected directly from geophysical data.

One way to improve our understanding of how
the CO2 flows in a porous rock is to perform small-
scale flooding experiments on long core samples. Such
experiments involve injecting various fluids in the end
of a 30–40 cm long core (Fig. 19.21). An example
of such a flooding experiment and corresponding X-
ray images for various flooding patterns is shown in
Fig. 19.21. By measuring acoustic velocities as the
flooding experiment is conducted, these experiments
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Fig. 19.21 Long core (left) showing the location for the
X-ray cross-section (red arrow). Water injection is 50 g/l. To
the right: X-ray density maps of a core slice: 6 time steps during

the injection process (from Marsala and Landrø, EAGE extended
abstracts 2005)

can be used to establish a link between pore scale CO2-
injection and time-lapse seismic on the field scale.

Figure 19.22 shows an example of how CO2 influ-
enced the seismic data over time. By combining 4D
travel time and amplitude changes, we have devel-
oped methods to estimate the thickness of CO2 layers,
which makes it possible to estimate volumes. Another
key parameter is CO2 saturation, which can be esti-
mated using rock physics measurements and models.
Although the precision in both 4D seismic methods
and rock physics is increasing, there is no doubt
that precise estimates are hard to achieve, and there-
fore we need to improve existing methods and learn
how to combine several methods in order to decrease
the uncertainties associated with these monitoring
methods.

19.11 Future Aspects

The most important issue for further improvement of
the 4D seismic method, is to improve the repeata-
bility. Advances in both seismic acquisition and 4D
processing will contribute to this process. As sketched
in Fig. 19.13, it is expected that this will be less pro-
nounced than in the past decade. However, it is still
a crucial issue, and even minor improvements might
mean a lot for the value of a 4D seismic study. Further
improvements in repeatability will probably involve
issues like source stability, source positioning, shot
time interval, better handling of various noise sources.
Maybe in the future we will see vessels towing a
superdense grid of sensors, in order to obtain perfect
repositioning of the receiver positions.
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Fig. 19.22 Time-lapse seismic data showing monitoring of the CO2 injection at Sleipner. The strong amplitude increase (shown in
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Another direction to improve 4D studies could be to
constrain the time-lapse seismic information by other
types of information, such as geomechanical mod-
elling, time-lapse EM, gravimetric data or innovative
rock physics measurements.

Our understanding of the relation between changes
in the subsurface stress field and the seismic param-
eters is still limited, and research within this specific
area will be crucial to advance the 4D. New analysis
methods like long offset 4D, might be used as a
complementary technique or as an alternative method
where conventional 4D analysis has limited success.
However, long offset 4D is limited to reservoirs
where the velocity increases from the cap rock to the
reservoir rock.

The link between reservoir simulation (fluid flow
simulation) and time-lapse seismic will continue to be
developed. As computer resources increase, the fea-
sibility of a joint inversion exploiting both reservoir
simulation and time-lapse seismic data in the same
subsurface model will increase. Despite extra com-
puting power, it is reasonable to expect that the non-
uniqueness problem (several scenarios will fit the same
datasets) will require that the number of earth mod-
els is constrained by models predicting the distribution
of rock physical properties based on sedimentology,
diagenesis and structural geology.
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