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Summary

Various physical processes cause anomalous pressures of
underground fluids in a petroleum province. We quantify the
effect on seismic properties caused by the common mechanisms
of overpressure generation such as (kerogen-to-oil and oil-to-gas
conversion) disequilibrium compaction.

Fluid pressure due to kerogen-to-oil conversion in source-
rock shale significantly reduces the seismic velocities and
enhances the anisotropy. Attenuation and attenuation
anisotropy are also strongly affected, thus further enhancing the
seismic visibility of overpressure in the shale.

In deeply buried reservoirs, oil-to-gas cracking may increase
the fluid pressure to reach the lithostatic pressure, and the
seismic velocities decrease significantly when only a small frac-
tion of oil in a closed reservoir is converted to gas.

Non-equilibrium compaction generates abnormal pressures
that, under certain conditions, can be detected with seismic
methods. In this case, the fluid mixture filling the pore space has
a major influence on P-wave velocity and may cause under- or
over-pressures depending on its compressibility and thermal
expansion coefficient. Rocks saturated with fluids of low
compressibility and high thermal expansion are generally over-
pressured and can be seismically visible.

Based on a generalized Biot-Gassmann model for the acoustic
properties of shaley sandstones, with an arbitrary pore fill
mixture of fluid and gas, we have developed a new method for
estimating fluid pressure in reservoir rocks from seismic data.
The method which rely upon calibration against well data or
laboratory data, when available, has been applied to a deeply
buried overpressured gas-field in the Norwegian North Sea
using velocities obtained from 3-D reflection tomography.

1. Introduction

Abnormal pressure, or pressures above or below hydrostatic
pressure, occurs on all continents in a wide range of geological
conditions. Various physical processes cause anomalous pres-
sures in an underground fluid. The most commonly cited mech-
anisms for abnormal pressure generation in petroleum provinces
are compaction disequilibrium and hydrocarbon generation
including oil-to-gas cracking (Mann and Mackenzie, 1990; Luo
and Vasseur, 1994). In young (Tertiary) deltaic sequences,
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compaction disequilibrium is the dominant cause of abnormal
pressure. In older (pre-Tertiary) lithified rocks, hydrocarbon
generation and tectonics are most often cited as the causes of
overpressure (Law et al, 1998).

Hydrocarbon accumulations are frequently found in close
association with abnormal pressure. In exploration for hydrocar-
bons and exploitation of the reserves, knowledge of the pressure
distribution is of vital importance for prediction of the reserves,
for the safety of the drilling and for optimising the recovery rate.
Moreover, drilling of deep gas resources is hampered by high
risk associated with unexpected overpressure zones. Knowledge
of pore pressure using seismic data, as for instance from seismic-
while-drilling techniques, will help producers plan the drilling
process in real-time to control potentially dangerous abnormal
pressures.

In order to illustrate the physics of geopressure, let as review
the main concepts (see Figure 1.1). Pore pressure, also known as
formation pressure, is the in situ pressure of the fluids in the pores.
The pore pressure is equal to the hydrostatic pressure when the pore
fluids only support the weight of the overlying pore fluids (mainly
brine). The lithostatic or confining pressure is due to the weight of
overlying sediments, including the pore fluids. In the absence of
any state of stress in the rock, the pore pressure attains lithostatic
pressure and the fluids support all the weight. However, fractures
perpendicular to the minimum compressive stress direction
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Figure 1.1: Typical pressure-depth plot where the different pressure definitions are
illustrated.
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appear for a given pore pressure, typically 70-90% of the confining
pressure. In this case, the fluid escapes from the pores and pore
pressure decreases. A rock is said to be overpressured when its
pore pressure is significantly greater than hydrostatic pressure.
The difference between confining pressure and pore pressure is
called differential pressure. As we shall see later, acoustic and trans-
port properties of rocks generally depend on effective pressure, a
combination of pore and confining pressures.

In deeply buried oil reservoirs, oil-to-gas cracking may increase
the pore pressure to reach or exceed the lithostatic pressure
(Chaney, 1950; Barker, 1990; Luo and Vasseur, 1996). Oil can be
generated from kerogen-rich source rocks and flow through a
carrier bed to a sandstone reservoir rock. Excess pore-fluid pres-
sures in sandstone reservoirs are generated when the rate of
volume created by the transformation of oil to gas is more rapid
than the rate of volume loss by fluid flow. If the reservoir is sealed
on all sides by an impermeable shale or limestone, then the condi-
tion of a closed system will be satisfied for gas generation. Due to the
presence of semi-vertical fault planes and compartmentalization,
this condition holds for most North Sea reservoirs.

Non-equilibrium compaction or mechanical compaction dise-
quilibrium is a consequence of a rapid deposition compared to the
rate of expelling pore fluids by gravitational compaction. In this
situation, the fluids carry part of the load that would be held by
grain contacts and abnormal pore pressures develop in the pore-
space. A description of this overpressure mechanism is given by
Rubey and Hubbert (1959) and mathematical treatments of the
problem are provided, for instance, by Bredehoeft and Hanshaw
(1968), and Smith (1971) and Dutta (1983). These models use
Darcy’s law and their predictions are greatly affected by the choice
of the constitutive relations between porosity, permeability and
effective stress.

Experimental data shows that Poisson’s ratio is a good indicator
of overpressure, since in gas-saturated rocks Poisson’s ratio
decreases with increasing pore pressure, while it increases in
liquid-saturated rocks (Dvorkin and Walls, 2000). These properties
are used by Carcione and Cavallini (2002) to design an algorithm
for predicting pore pressure from seismic data.

Pressure compartments are common in sedimentary basins
(Chiarelli and Duffaud, 1980; Bradley and Powley, 1994; Law et al.,
1998). Their knowledge is extremely important to the drilling engi-
neer to prevent blowouts and/or lost circulations. Pressure
compartments can be subdivided into two different classes: those
created by disequilibrium compaction and characterized by large
volumes of low permeability rock; and those bounded by seals,
which are formed by a combination of low permeability effects
(e.g., shales) and high capillarity pressure due to the interfacial
tension between two fluids (Iverson et al., 1994). Pressure compart-
ments are bounded by pressure seals. Unlike pure capillary seals,
which permit the flow of the wetting phase (brine), a pressure seal
restricts both hydrocarbon and brine flow.

Effective stress and effective pressure play an important role in
rock physics. The use of this concept is motivated by the fact that
pore pressure, p, and confining pressure, p,, tend to have opposite
effects on the acoustic and transport properties of the rock. Thus, it
is convenient to characterize those properties with a single pres-
sure, the effective pressure p,. Terzaghi (1936) proposed p, = p.— op,
where ¢ is the rock porosity, but his experiments, regarding the
failure of geological materials, indicated that p, = p.— p. Nowadays,
it is well known that effective pressure takes the form p, = p, — np,
where n is the effective stress coefficient (Biot, 1962; Todd and
Simmons, 1972; Carcione, 2001, p. 224). Biot’s theory predicts an
effective stress coefficient n = 1 — K, /K., where K, is the bulk
modulus of the dry frame andK| is that of the elastic solid from
which the frame is made. It is found that 1 = 1 for static measure-
ments of the compressibilities (Zimmerman, 1991), while #n is
approximately linearly dependent on the differential pressure p, =
p. — p in dynamic experiments (Gangi and Carlson, 1996; Prasad
and Manghnani, 1997).

In general, non-seismic methods to predict pore pressure are
based on a relation between porosity or void ratio and effective
stress (Bryant, 1989; Audet, 1996; Traugott, 1997; Holbrook et al,
1995). Indirect use of velocity information involves the estima-
tion of the porosity profile by using sonic-log data (Hart et al.,
1995; Harrold et al., 1999). AMWD (measurement while drilling)
technique is proposed by Lesso and Burgess (1986), based on
mechanical drilling data (rock strength computed from ROP
(rate of penetration), weight on bit (DWOB) and torque (DTOR))
and gamma ray logs.

Hydrocarbon reservoirs are generally overpressured. This
situation can, in principle, be characterized by seismic waves. To
this end, the dependence of the P-wave and S-wave velocities on
effective stress plays an important role. Seismic data can be used
to predict abnormal pore pressures in advance of drilling. In
general, this prediction has been based on normal move-out
analysis (e.g., Bilgeri and Ademeno, 1982) and empirical models
relating pore pressure to seismic properties. In order to obtain
the acoustic properties, such as wave velocity and attenuation
factor, versus pore and confining pressures, the dry-rock bulk
and rigidity moduli, K, and y,,, should be evaluated as a function
of the effective pressure. Then, an appropriate model, such as
Biot’s theory (Biot, 1962; Carcione, 2001, p. 219-293), can be used
to obtain the properties of the saturated porous medium. Those
moduli can be obtained from laboratory measurements in dry
samples or from well data.

The procedure is to fit the experimental data by exponential-
like functions (e.g., Zimmerman, 1991, p. 43). Knowing the effec-
tive-stress coefficients for K, and p, (from Biot’s theory or
obtained from well or laboratory data), it is possible to obtain the
wave velocities for different combinations of the pore and
confining pressures, since the property should be constant for a
given value of the effective pressure. This is achieved by simply

Continued on Page 10
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replacing the confining pressure by the effective pressure. An
example of the application of this approach can be found in
Carcione and Gangi (2000a,b), where the effects of disequilib-
rium compaction and oil to gas conversion on the seismic prop-
erties are investigated. Use of high-frequency (laboratory) data
to make predictions in the seismic — low-frequency — band
should be considered with caution, since the fluid effects on
wave velocity and attenuation depend on the frequency range
(e.g. Pham et al., 2002).

Louis and Asad (1994) used a modeling technique to analyze
the amplitude variations with offset (AVO) of pressure seals.
Acoustic synthetic seismograms based on well logs showed that
a strong AVO effect is associated with steep pressure and
velocity gradients. Carcione (2000a) considers a rock-physics
model relating pressure and temperature to wave velocity and
studies amplitude variations with offset of pressure-seal reflec-
tions. The model relates pore pressure to the seismic properties
of a closed rock volume (the compartment). Carcione investi-
gates the AVO response of pressure seals consisting of
interbedded shale and sandstone units. The pressure model
assumes that the pores are filled with oil, gas and brine.
Balancing volume fractions in the pore-space yields the fluid
saturations and the porosity versus pore pressure, as a function
of the initial (hydrostatic) saturations and porosity (Berg and
Gangi, 1999; Carcione, 2001, p. 227-229). Laboratory experiments
on dry and saturated samples, for different confining and pore
pressures, provide the rock moduli versus effective pressure.
The AVO response of the seal is obtained by computing the
reflection coefficient of a set of transversely isotropic layers (the
seal) embedded between two isotropic half-spaces (the rock
units above and below the seal).

The effect of clay and frequency on the acoustic properties
(mainly velocity dispersion and attenuation) can be modeled by
using a micro-structural theory where all the relevant physical
quantities can be taken into account. The model developed by
Pham et al. (2002) establishes a relation between wave velocity
and attenuation and clay content, porosity, pore and confining
pressures, frequency, and pore-fluid saturation. Modeling the
acoustic properties of shaley sandstones is achieved by using the
theory developed by Carcione et al. (2000) in the framework of
Biot’s theory of poroelasticity. Unlike previous theories, this
approach uses a Biot-type three-phase theory that considers the
existence of two solids (sand grains and clay particles) and a
fluid. The theory has been generalized to include the effects of
pore pressure, partial saturation and the presence of dissipation
mechanism of different nature (Pham et al., 2002). Pressure
effects are introduced by using an effective stress law. The effect
of partial saturation on velocity and attenuation depends on the
frequency range. At low frequencies, the fluid has enough time
to achieve pressure equilibration (relaxed regime). In this case,
the Reuss model for the bulk modulus of the fluid mixture yields
results that agree with the experiments. On the other hand, at
high frequencies the fluid can not relax and this state of unrelax-
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ation induces a stiffening of the pore material, which increases
the wave velocity considerably (Cadoret et al., 1995). This effect
implies an uneven distribution of fluids in the pore-space, which
is normally termed patchy saturation. In this case, Reuss’ model
is not appropriate and, in general, a Hill average is used to
model the wave velocities at ultrasonic (laboratory) frequencies.
No microstructural theory is able to predict the behavior at
intermediate frequencies. A modified empirical fluid mixing law,
proposed by Brie et al. (1995), gives the Reuss modulus at low
frequencies and the Voigt modulus at high frequencies.

Attenuation is described by using a constant-Q model for the
dry-rock moduli (Kjartansson, 1979; Carcione, 2001, p. 73). This
approach is phenomenological, since a theory describing all the
attenuation mechanisms present in a real sandstone is difficult,
if not impossible, to develop. The constant-Q kernel is the
simplest model based on only one parameter. We assume that
the lower the frame modulus, the lower the quality factor is (that
is, the higher the attenuation). Using this property, we assign a
Q-factor to the sandstone bulk modulus, and obtain the Q-factor
associated with the shear modulus. The Biot attenuation mecha-
nisms are modeled by the original theory (Carcione et al., 2000),
and, high-frequency viscodynamic effects are described by an
optimal viscodynamic function obtained by Johnson et al. (1987).

As stated in previous works (Carcione and Gangi, 2000a,b),
the large change in seismic velocity is mainly due to the fact that
the dry-rock moduli are sensitive functions of the effective pres-
sure, with the largest changes occurring at low differential pres-
sures. The major effect of porosity changes is implicit in the
dry-rock moduli. Explicit changes in porosity and saturation are
important but have a lesser influence than changes in the
moduli. In this sense, porosity-based methods can be highly
unreliable. In fact, variations of porosity for Navajo sandstone,
Weber sandstone and Berea sandstone, are only 1.7%, 7% and
4.5%, respectively, for changes of the confining pressure from 0
to 100 MPa (Berryman, 1992). The bulk and shear moduli of the
sand and clay matrices versus porosity are obtained from a rela-
tionship proposed by Krief et al. (1990). To obtain the expression
of the dry-rock moduli versus effective pressure, the model
requires calibration based on well, geological and laboratory
data, mainly sonic and density data, and porosity and clay
content inferred from logging profiles.

Oil can also be extracted from shales, which can be overpres-
sured (Matusevich et al, 1997; Berg and Gangi, 1999). In this case,
overpressure takes place by conversion of kerogen to oil.
Carcione (2000b) obtains a model for source-rocks relating
seismic anisotropy (in velocity and attenuation) to kerogen
content, pore pressure and water saturation. Recent petrophys-
ical analyses of petroleum source-rocks (Vernik and Landis,
1996) indicate that the observed strong velocity anisotropy can
be associated with the presence of organic matter and its distri-
bution in the rock matrix. Most hydrocarbon source-rocks are
laminated structures composed of organic matter (kerogen and

Continued on Page 12
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oil) and illite layers. When the seismic wavelength is much
larger than the thickness of the single layers, the finely layered
medium behaves as a homogeneous transversely isotropic mate-
rial, whose stiffnesses can be obtained using Backus averaging
technique (Schoenberg and Muir, 1989). Assuming that the illite
and the organic material are attenuating media, a generalization
of the averaging technique to the dissipative case gives not only
the wave velocities (Vernik and Nur, 1992; Vernik, 1994) but also
the dissipation factors as a function of organic matter and prop-
agation direction.

The maturation level of source-rocks can be associated with
oil generation and overpressuring (e.g., Meissner, 1978). If the
conversion rate is more rapid than the rate of volume loss by
fluid flow, excess pore pressure is generated. A typical situation
in the North Sea source-rocks is represented by the Kimmeridge
shale, a source-rock from the Draupne formation, with a
maximum thickness of nearly 200 m, overlain by high velocity
chalk. The observed velocity contrast and thickness make the
Kimmeridge shale an easily identified seismic unit. P-wave
velocity and quality factor of the hydrocarbon source-rock
(normal and parallel to the bedding plane) are calculated as a
function of organic content and pore pressure.

We illustrate the use of the concepts mentioned above by
predicting pore pressure in a North-Sea reservoir using seismic
and well data. In general, this prediction has been based on empir-
ical models relating pore pressure to sonic and/or seismic velocity
(Dutta an Levin, 1990; Foster and Whalen, 1966; Pennebaker, 1968;
Eaton, 1976; Belotti and Giacca, 1978; Bilgeri and Ademeno, 1982;
Keyser et al., 1991; Kan and Sicking, 1994; Bowers, 1995; Eaton and
Eaton, 1997; Sayers et al., 2000). Here we use the Biot-type three-
phase theory developed by Carcione et al. (2000). At low frequen-
cies, this theory is a generalization of Gassmann’s equation for
shaley sandstones, based on first physical principles. The method
requires high-resolution velocity information, preferably obtained
from seismic inversion techniques. As is well known, interval
velocities obtained from conventional seismic processing are not
reliable enough for accurate pore pressure prediction (Sayers et al.,
2000; Carcione and Tinivella, 2001). Calibration of the model
requires well information, that is, porosity and shale volume esti-
mation, direct measurements of pore pressure and sonic-log data.
Laboratory measurements of P- and S-wave velocities on cores
samples may further improve the calibration process (Carcione
and Gangi, 2000a,b).

2. Mechanisms of overpressure generation and the
effect on seismic properties.

In order to find the appropriate relationships between under-
ground fluid pressure and seismic properties, we first investigate the
impact of the main pressure generating mechanisms on the petro-
physical characteristics of source-rock shales and sandstones.
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Hydrocarbon generation from source-rocks

The maturation level of a source-rock can be associated with oil
generation and overpressuring (e.g., Meissner, 1978). If the conver-
sion rate is more rapid than the rate of volume loss by fluid flow,
excess pore pressure is generated. Berg and Gangi (1999) developed
a simple model to calculate the excess pore pressure Ap as a function
of the fraction of kerogen F converted to oil:

(pk/po_l)F

A = 7
¢, +c—F [c, + = (pe/p, )c, + ¢,)]

2.1)

where p, and p, are the densities of kerogen and oil, respectively,
and ¢, ¢, and c, are the pore, kerogen and oil compressibilities.

A typical situation in the North Sea is represented by the
Draupne Formation (Figure 2.1), a Kimmeridge source-rock
shale, with a maximum thickness of about 200 m, overlain by a
high velocity chalk (Vernik, 1995). Between the overlying chalk
and the hydrocarbon source-rock, the P-wave velocity drops
from about 4.5 to 3.5 km/s (normal to the bedding plane) and
density from 2.75 to 2.35 g/cm’, producing the strongest regional
seismic marker at Jurassic level in the North Sea.
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Figure 2.1: Log responses of the Draupne Formation, Viking Graben (Vernik, 1995).

Carcione (2000b) use Berg and Gangi’s model for computing the
material properties of the organic matter (kerogen/oil mixture), and
thus the phase velocities and quality factors of the source-rock
versus initial kerogen content and excess pore pressure (see Figures
2.2 and 2.3).

Continued on Page 13
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Figure 2.2: Bedding-normal velocities (0° ) and bedding-parallel velocities (90°) for the compressional (a) and shear (b) waves for an initial kerogen content of 35%.

Composite model of the source-rock

Following Vernik and Nur (1992), Carcione (2000b) assumed
that the immature rock is a two-layer composite made of illite
and kerogen, with no additional pore fluid for the immature
source-rock. Carcione considers illite transversely isotropic,
kerogen isotropic, and both viscoelastic. The Backus averaging
gives a transversely isotropic equivalent medium. For the
source-rock under maturation the fluid (oil) is assumed to be
included in the isotropic kerogen, while the anisotropic illite
component remains dry.

Immature source-rock

Kerogen, in the Kimmeridge shale investigated by Vernik (1995), is
mostly type II organic matter (e.g., see Vernik, 1994). Therefore, the
rock is in an early maturation stage, with no hydrocarbons. Since illite
has a lenticular textural pattern, only the stiffnesses “parallel to
bedding” are affected. Following Vernik and Nur (1992), Carcione
(2000b) modifies the stiffnesses using an equation which incorporate
the respective local constants of both illite and kerogen. The modelled
phase velocities and anisotropy parameters as a function of kerogen
content provides a fairly good fit to the experimental values. The data
show that the shale is substantially anisotropic, with positive
anisotropy parameters ¢ and y, which is characteristic of laminar trans-
versely isotropic composites. Maximum stiffness anisotropy is
obtained for a kerogen content of approximately 30 %.

Having calibrated the model with experimental data, it is
possible to analyse the anisotropic dissipation characteristics of the
source-rock versus kerogen content. The quality factor at 90° corre-
sponding to the horizontally polarised shear wave, is dominated by
the illite dissipation, while the (rapidly decreasing) quality factor at
0° is dominated by the kerogen dissipation. Maximum attenuation
anisotropy is obtained for a kerogen content of approximately 18 %,
compared to the 30 % for stiffness anisotropy. Thus, in the range of
the experimental kerogen saturation, attenuation anisotropy can be
an important indicator of the presence of kerogen, with shear wave
anisotropy y greater than 2.

From immature to mature source-rock

The different maturation stages of a source rock can be
modelled by evaluating the kerogen/oil conversion and the
excess pore pressure. Using certain assumptions, a simple equa-
tion relating these quantities is obtained. Knowing the fraction of
kerogen converted to oil, we can compute the properties of the
kerogen/oil mixture by using the model of Kuster and Toksoz
(1974), and then the properties of the source-rock as a function of
the excess pore pressure. Wave velocities versus excess pore
pressure are represented in Figure 2.2, where an initial kerogen
content of 35 % has been assumed. The bedding-normal veloci-
ties decrease more rapidly than the parallel velocities, implying
higher anisotropy parameters with increasing pore pressure. The
quality factors, represented in Figure 2.3, show a different
behaviour; while Q(0°) decreases for both waves, Q(90°)
increases with pore pressure, causing a significant attenuation
anisotropy at high pressures.

This study demonstrates that anisotropy of wave velocity and
attenuation can be used as indicators for the detection of
kerogen-rich shales having different maturation levels. These
levels depend on the pressure change due to oil generation in
low-permeability source-rocks. The conclusions, for the North
Sea Kimmeridge shale, can be summarized as follows:

¢ In the presence of kerogen-to-oil conversion, excess pore pres-
sure occurs. This process simulates the different maturation
levels. At the same value of the conversion factor, the excess
pressure is higher in rigid rocks. For instance, for a
Kimmeridge shale with 35 % kerogen content, the pore pres-
sure necessary to reach fracture is 48 MPa, with about 28 % of
the kerogen converted to oil. At this pressure, the porosity
increase is approximately 10 % of the initial porosity.

¢ The anisotropy parameters increase and the velocities decrease
with increasing kerogen-to-oil conversion and excess pore
pressure. Normal-bedding quality factors decrease, but
parallel quality factors increase slightly with kerogen content.

Continued on Page 14
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Figure 2.3: Bedding-normal (0°) quality factors and bedding-parallel (90°) quality factors for the compressional (a) and shear (b) waves for an initial kerogen content of 35 %.

¢ The polar anisotropy, i.e., variations with respect to the propa-
gation direction, is more pronounced at high pore pressures.

¢ Increasing kerogen content and pore pressure increases the
seismic visibility of the shale. The impedance contrasts calcu-
lated with the bedding-normal velocities are more sensitive
than those computed with the parallel-bedding velocities.

Extension of this investigation to a more realistic situation
considers the presence of water (Carcione, 2000b) and the
conversion of oil to gas. Moreover, it is known that pore-volume
compressibility increases greatly as the pore pressure
approaches the fracture pressure (Zimmerman, 1991). The role of
temperature is also important. For instance, there is experi-
mental evidence that the compressional to shear velocity ratio
increases with temperature when measured in the direction
normal to bedding (Vernik and Nur, 1992).

Overpressure due to oil-gas conversion

In deeply buried oil reservoirs, oil-to-gas cracking may increase
the pore pressure to reach or exceed the lithostatic pressure
(Chaney, 1950; Barker, 1990; Luo and Vasseur, 1996). Oil can be
generated from kerogen-rich source-rocks and flow through a
carrier bed to a sandstone reservoir rock. If the reservoir is sealed
on all sides by an impermeable shale or limestone, then the condi-
tion of a closed system will be satisfied for gas generation. Due to
the presence of semi-vertical fault planes and compartmentaliza-
tion, this condition holds for most North Sea reservoirs.

Berg and Gangi (1999)’s model can be used to calculate the excess
pore pressure as a function of the fraction of kerogen converted to oil
and the fraction of oil converted to gas. We use an extended version
of this model for computing the porosity variations and fluid satu-
rations as a function of the excess pore pressure (Carcione and
Gangi, 2000b). Let us assume a reservoir at depth z and the lithostatic
pressure for an average sediment density, p is equal to p, = pgz,
where g is the acceleration of gravity. On the other hand, the hydro-
static pore pressure is approximately p,, = p,gz , where p, is the
density of water. For a constant sediment burial rate, S, and a
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constant geothermal gradient, G, the temperature variation of a
particular sediment volume is T = T, + G z, z = St, with a surface
temperature at time t = 0. Typical values of G range from 20 to
30 °C/km, while S may range between 0.05 and 0.5 km/m.y. (m.y. =
million years). The mass of convertible oil changes with time ¢ at a
rate proportional to the mass present. Assuming a first-order kinetic
reaction (Luo and Vasseur, 1996; Berg and Gangi, 1999) and a reac-
tion rate following the Arrhenius equation, the oil-to-gas conversion
factor F can be obtained as a function of temperature and deposition
time (Carcione and Gangi, 2000b).

The excess pore pressure at depth z is Ap = p — p,,, where p,, is
the hydrostatic pore pressure and p is the pore pressure when a
fraction F of oil has been converted to gas (F =0 and p = p, - p, at
time ). Compressional and shear wave velocities depend on
effective pressure p, = p, — np, where n is the effective stress coef-
ficient. We assume the following functional form for the pore
compressibility c, as a function of effective pressure p,:

c,=c,+fexp (-p./p*), (2.2)

that the medium is fully saturated with oil and that, before oil-gas
conversion occurs, the initial pressure, p, , is hydrostatic. Balancing
mass and volume fractions in the pore-space, yields the relation
between the oil-to-gas conversion factor F and the pore pressure p :

-1

re [ I?Pg% )—exp(—C,J Ap + %AT)J {exp[E(Ap)+a, AT]-exp(-c,Ap+a,AT)],
pg P,

(2.3)
where

E(Ap)=—c,Ap+fRp*lexp(—pe / p*)-exp(—pei / P9l (2.4

In these equations, D = p,/ p,; , where p, is the oil density and p,,
is the initial gas density, obtained from the van Der Waals equa-
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tion, ¢, is the oil compressibility, o, is the thermal expansion of
oil, AT is the temperature increase, and «, is the thermal expan-
sion of the pore-space. With a surface temperature of 25 °C a
temperature gradient G = 25 °C/km, a sedimentation rate S =
0.08 km/m.y. and a reservoir at z, = z, =2 km, we have t, = t, = 25
m.y. and T, = 75 °C. After 75 m.y., the depth of burial is z, = 8 km,
t, =100 m.y. and T, = 225 °C. On the other hand, if p = 2.4 g/cm’,
the confining pressure has increased from p, = 47 MPa to
approximately p,, = 188 MPa, and the initial pore pressure is p, =
20 MPa (assuming p, = 1 g/cm’). If no conversion takes place,
the final pore pressure would be the hydrostatic pressure at
8 km, i.e., approximately 78 MPa.

Experimental data for oil-saturated sandstone are available in
Winkler (1985, his Figures 3 and 4, and Tables 4 and 7). The
experiments on dry samples correspond to zero pore pressure.
Best-fit plots of the dry-rock compressibility and shear modulus
vs. confining pressure are

K:/[GPa]"=0.064+0.122 exp(—p.[MPa]/6.48)

and (2.5)
W, [GPa]'=13.7-8.5 exp(-p.[MPa] /9.14)

and c, in GPa" is given by equation (2.2), with ¢;= 0.155, # = 0.6
and p* = 6.48. The pore compressibility c, has been obtained from
the dry-rock bulk modulus by assuming that the porosity is that
at hydrostatic pore pressure [this approximation is supported by
experimental data obtained by Domenico (1977) and Han et al.
(1986)]. The best-fit plots for c, and K are illustrated in
Figure 2.4. In order to obtain the moduli for different combina-
tions of the confining and pore pressures, we should make the
substitution p, = p, = p. — n(p,, + Ap), where we assume, following
Gangi and Carlson (1996), that n depends on differential pres-
sure as 1 = n, — n,p,, 1, = 1, n, = 0.014 MPa". This dependence of
n versus differential pressure is in good agreement with the
experimental values corresponding to the compressional
velocity obtained by Christensen and Wang (1985) and Prasad
and Manghnani (1997).

075

Comprassiity | 1G )

Comfininp pressure (MPa)

Figure 2.4: Best-fit plots of pore-space compressibility c, and matrix bulk modulus K,,
obtained from the experimental data for Berea sandstone published by Winkler (1985).

Table 2.1 indicates the properties for Berea sandstone and
Table 2.2 the properties of the different fluids, with the values
corresponding to the initial (hydrostatic) pore pressure. The oil
density and bulk modulus are assumed pressure-independent
and equal to the values indicated by Winkler (1985) for 20 MPa.
The oil and gas viscosities as a function of temperature and pore
pressure are taken from Luo and Vasseur (1996). Figure 2.5
shows the oil/gas conversion factor [equation (2.3)] as a function
of depth and time and the pore-pressure buildup with depth.
The high activation energy requires either a long time or deep
burial, on the order of 4.5 to 5 km, before appreciable fractions of
conversion occur, but significant fractional conversions occur at
3 km. The pressure rapidly increases for very small fractions of
oil converted to gas. This is due to the low compressibility of the
rock. Beyond the lithostatic pressure the effective pressure
becomes negative and the pore compressibility increases (see
Figure 2.4), making the rock highly compliant. This precludes a
rapid increase of the pore pressure, which follows the lithostatic
pressure below 4 km depth.

pe = 2650 kg/m®
| |K,=37TGPa |

MATRIX | K = 1545 GPa
jy = 13.48 GPa

= 0,203
T=2
k=10 m*

a, = 2 % 10~ °C-!

1 ¢P=04001 Pa s

Table 2.1: Material properties of dry Berea sandstone.
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Homyw il 2.3 13l R T.0r= 10
Waler .20 11140 1.8 ho= Q0

| e = [E{REL Pa ®
Table 2.2: Properties of pore fluids.

Biot’s theory successfully describes the wave propagation prop-
erties of synthetic porous media such as sintered glass beads. In
natural porous media such as sandstone, discrepancies between
Biot’s theory and measurements are due to complex pore shapes
that are not present in simple synthetic media (Gist, 1994).
Skeleton-fluid mechanisms are modeled by generalizing the
coupling modulus to a time dependent relaxation function, based
on the generalized linear solid with L dissipation mechanisms
(Carcione, 2001, p. 69). The mixture organics/water behaves as a
composite fluid with properties depending on the constants of the
constituents and their relative concentrations. The low-frequency

Continued on Page 16
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Figure 2.5: Oil/gas conversion factor as a function of burial depth at a constant sedimentation rate and constant geothermal gradient (left) and the corresponding pressure build
(right). Pore-pressure build-up with depth and deposition time (continuous line). The hydrostatic and lithostatic pressure is represented by dotted and broken lines respectively.
Fluid pressure reaches lithostatic pressure when only 2.5% of the oil in the closed reservoir is converted to gas.
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Figure 2.6: Low-frequency wave velocities versus excess pore pressure (a) and differential pressure (b). Frequency is 25 Hz. The broken lines in (b) are the dry-rock wave velocities.

wave velocities versus excess pore pressure and differential pres-
sure for this model are shown in Figure 2.6. An excess pore pres-
sure of 50 MPa corresponds to zero differential pressure. The
oil/gas conversion starts at a differential pressure of 27.4 MPa,
which corresponds to an onset time of approximately 25 million
years, when the sandstone is fully saturated with oil. As can be
appreciated, the velocities decrease substantially after an excess
pore pressure of approximately 35 MPa. This is partially due to the
replacement of oil by gas at high oil saturations, but mainly to the
decrease in the matrix bulk moduli K, and yu, caused by the
decrease in effective pressure.

Abnormal pressure due to disequilibrium compaction

The case of non-equilibrium compaction is that in which the
sedimentation rate is so rapid that the pore fluids do not have a
chance to ‘escape’. We assume that the pore-space is filled with
organic material and water, that the compressibilities of the
organics and water are independent of pressure and tempera-

16 CSEG Recorder September, 2002

ture, and that of the rock is independent of temperature but
depends on pressure. At time ¢, corresponding to depth z, with
initial hydrostatic fluid pressure p, = p,gz, , the volume of rock
behaves as a closed system. That is, if the unit is a shale, its
permeability is extremely low, and if the unit is a sandstone, the
permeability of the sealing faults is sufficiently low so that the
rate of pressure increase greatly exceeds the dissipation of pres-
sure by flow. Pore pressure excess is measured relative to hydro-
static pressure. Then, it can be shown that balancing mass and
volume fractions in the pore-space yields

exp[E(Ap)+o,AT] = S,,,[-c, Ap+0, AT]+(1-S,,,)[-c,Ap+a,AT], 2.6)

where S, is the initial water saturation, ¢, is water compress-
ibility, o, is water thermal expansion and E(Ap) is given by equa-
tion (2.4). The solution of equation (2.6) gives the pore pressure
p = Ap + p, as a function of depth and deposition time, with AT =
T - T, = GS(t - t), for a constant geothermal gradient and a

Continued on Page 17



ARTICLE contd

ROCK PHYSICS OF GEOPRESSURE AND PREDICTION OF ABNORMAL PORE FLUID PRESSURES USING SEISMIC DATA

Continued from Page 16

constant sediment burial rate. Table 2.1 indicates the properties
of dry Berea sandstone, where the values correspond to those at
the initial (hydrostatic) pore pressure. The pore-fluid properties
are given in Table 2.2.

The pore-pressure buildup with depth for different pore
fluids is shown in Figure 2.7, where the continuous lines repre-
sent the hydrostatic and lithostatic pressures. The dotted line
corresponds to full light-oil saturation, and the broken lines to
full Winkler’s oil saturation (label 1), partial saturation (S,, = 0.5
and heavy oil) (label 2), and full heavy-oil saturation (label 3). As
can be appreciated, the rock is underpressured for full light-oil
saturation and increasing pore-fluid bulk modulus gives over-
pressure. For low compressibilities and high thermal expansion
coefficients of the pore fluid, the pore pressure may exceed the
lithostatic pressure. In the case of heavy oil, the cause is the high
thermal expansion coefficient.

Pressure (MFa)
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Figure 2.7: Pore-pressure build-up with depth for different pore fluids, where the
continuous lines represent the hydrostatic and lithostatic pressures. The dotted line
corresponds to full light-oil saturation, and the broken lines to full Winkler’s (1985)
heavy-oil saturation (label 1), partial saturation (S,=0.5 and heavy oil) (label 2), and
full heavy oil saturation (label 3).

Figure 2.8 shows (a) the low-frequency (25 Hz) and (b) the
ultrasonic (1 MHz) compressional and shear velocities versus
differential pressure p, for heavy oil (continuous line) and
Winkler’s oil (broken and dashed lines). The dotted line corre-
sponds to the range 0 to 2 km, where the rock is normally pres-
sured (see Figure 2.7); the black squares and empty circles are the
experimental compressional and shear velocities obtained by
Winkler (1985) for oil-saturated Berea sandstone. We use a
continuous spectrum of dissipation mechanisms for the Biot’s
coupling modulus, from 1 Hz to 1 MHz, regardless of the satu-
rations. The pore-fluid affects mainly the compressional velocity,
with unrelaxed velocities (1 MHz) higher than relaxed velocities
(25Hz), as expected. The decrease in wave velocity at low differ-
ential pressures is due to the unconsolidation effect, implicitly

contained in equations (2.5). From 2 to 8 km (continuous lines)
the cause is overpressuring, and from 0 to 2 km (dotted lines) the
cause is the pore pressure approaching the confining pressure at
very shallow depths, since in this case the rock is normally pres-
sured. At deep depths, the wave velocities decrease substantially
when the pore pressure approaches the confining pressure, as it
is the case for full heavy-oil saturation.

The seismic (a) and ultrasonic (b) P-wave quality factors
versus differential pressure for water-saturated Berea sandstone
(S,;=1) are represented in Figure 2.9, where the black squares are
the experimental values (parallel to the bedding plane) obtained
by Prasad and Manghnani (1997). The low-frequency curve is
obtained under the assumption of a constant quality factor from
the seismic to the ultrasonic band. As before, the dotted line
corresponds to the range 0 to 2 km, where the rock is normally
pressured, and the continuous lines to the range 2 to 8 km, where
the rock is overpressured. As wave velocities, the quality factor
is not sensitive to overpressure when the pore fluid is water or
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Figure 2.8: (a) Low-frequency (25 Hz) and (b) ultrasonic (1 MHz) compressional-
and shear-wave velocities versus differential pressure pd for heavy oil (continuous
line) and Winkler’s (1985) oil (broken and dashed lines). The dotted line corresponds
to the range 0 to 2 km, where the rock is normally pressured (see Figure 2.7). The black
squares and empty circles are the experimental compressional- and shear-wave veloc-
ities obtained by Winkler (1985) for oil-saturated Berea sandstone. P-wave and S-
wave velocities are accurate within 1% and 2%, respectively.

Continued on Page 18
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Figure 2.9: (a) Low-frequency (25 Hz) and (b) ultrasonic (1 MHz) quality factors versus differential pressure for water saturated Berea sandstone (intitial saturation Swi =1). The
black squares are the experimental bedding-parallel quality factors obtained by Prasad and Manghnani (1997) for Berea sandstone.

Winkler’s oil. Overpressure implies low quality factors and
therefore high wave dissipation. Quality factor can be a good
indicator of excess pressure provided that reliable estimates can
be obtained at seismic frequencies.

Non-equilibrium compaction generates abnormal fluid pres-
sures that, under certain conditions, can be detected with seismic
methods. This is very important in drilling applications. The
results for a model in which a reservoir volume is buried at a
constant sedimentation rate for a geothermal gradient, which is
both constant in time and depth, show that wave velocities and
quality factors decrease with decreasing differential pressure (or
effective pressure). The large change is mainly due to the fact
that the dry-rock moduli are functions of the effective pressure,
with the largest changes occurring at low differential pressures.
For a given pore-space compressibility, the fluid mixture filling
the pore-space has a major influence on P-wave velocity and
may cause underpressure or overpressure depending on its
compressibility and thermal expansion coefficient. Rocks satu-
rated with fluids of high compressibility and low thermal expan-
sion coefficient are generally underpressured, and rocks
saturated with fluids of low compressibility and high thermal
expansion coefficient are generally overpressured, and can be
seismically “visible”. At high differential pressures the velocities
are almost constant. Perceptible changes in the velocities occur
when the differential pressure decrease to 20 MPa and become
significant when the differential pressure decreases to about 15
MPa. The quality factor curve for full water saturation calculated
with the present model is in good agreement with experimental
values obtained at the ultrasonic frequency band. The model is
able to predict pore pressure from seismic properties if reliable
estimates of wave velocities and quality factor can be obtained.

3. Poro-viscoelastic representation of shaley sandstones

Modeling the acoustic properties of shaley sandstones of (V,,
V versus porosity, clay content and frequency) is achieved in the
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framework of Biot’s theory of poro-elasticity. For clay/sand
mixtures, such an approach requires the consideration of a
medium consisting of three phases: sand, clay, and fluid. A three-
phase Biot-type theory was developed by Leclaire et al. (1994)
for frozen porous media. This three-phase theory assumes that
there is no direct contact between sand grain and ice, implying
the existence of the water layer around the grains, isolating them
from the ice. The model, which predicts three compressional
waves and two shear waves, has recently been applied, with
some minor modifications, to modeling the acoustic properties
of permafrost (Carcione and Seriani, 2001) and gas hydrates
(Carcione and Tinivella, 2000).

Carcione et al. (2000) replaced ice with clay and included the
terms responsible for the interaction between the sand grains
(pure quartz grain) and the clay particles in the potential and
kinetic energies. Lagrange’s equations provide the differential
equations of motion. A plane-wave analysis gives the wave
velocities and attenuation factors of the different modes. The
bulk and shear moduli of the sand and clay matrices versus
porosity are obtained from a relationship proposed by Krief et al.
(1990). This relationship introduces two empirical parameters
that can be obtained by calibrating the model with real data. An
additional parameter provides one more degree of freedom for
adjusting the velocity-porosity curves (at constant clay content)
to the data.

The model for shaley sandstones provided by Carcione et al.
(2000) is somewhat similar to that recently proposed by
Goldberg and Gurevich (1998). An important difference,
however, is associated with the three-phase approach. Indeed,
Goldberg and Gurevich (1998) assumed that the medium is
composed of only two phases, solid and fluid. The solid matrix,
in turn, is a composite material, made of sand grains and clay
particles. The elastic moduli of the solid/fluid mixture were
derived using Gassmann’s equation. However, the latter is valid
only when the solid matrix is homogeneous (Brown and

Continued on Page 19
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Korringa, 1975). This implies that the sand and clay particles are
mixed homogeneously and forming in effect composite grains,
which in turn form the rock matrix. The three-phase approach is
free of such assumption, but it also implies a particular topolog-
ical configuration, namely the one where sand and clay form two
continuous and interpenetrating solid matrices.

We consider the model of Krief et al. (1990) to obtain esti-
mates of the dry-rock moduli K,,, y,, (sand matrix), K, ,(clay
matrix) versus porosity and clay content. The porosity depend-
ency of the sand and clay matrices should be consistent with the
concept of critical porosity, since the moduli should vanish
above a certain value of the porosity (usually from 0.4 to 0.5).
The theory predicts three compressional waves and two shear
waves.

Due to complexity of natural rocks and its pore-fill, Biot’s
theory alone is not sufficient for modeling porous media. Several
effects should be added and taken into considerations such as
the viscodynamic effect, viscoelasticity, pressure effects, and
partial saturation (Pham et al., 2002). Figures 3.1a,b compare the
P- and S-wave velocities predicted with experimental data
obtained by King et al. (2000). In (b), the velocities are repre-
sented for several frequencies, from the seismic to the ultrasonic
band. Also shown is the P-wave velocity obtained by using Hill’s
equation (Mavko et al., 1998, p. 115). We average the reciprocal
of the P-wave modulus (pV?) in the absence of attenuation. The
use of the modified Brie et al.’s model (Pham et al., 2002).,
though empirical, allows us to model the acoustic properties of
the sandstone in the whole frequency range.

Three-dimensional plots of the P-wave velocity (a) and dissipa-
tion factor (b) versus differential pressure — confining pressure
minus pore pressure — and water saturation are displayed in
Figure 3.2. The clay content is 5 % and the frequency is 30 Hz. Note
the strong decrease of the velocity and Q factor with decreasing
differential pressure This effect is mainly due to the fact that the
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dry-rock moduli are sensitive functions of the effective pressure.
(At very low effective pressures, the rock becomes unconsoli-
dated.) Figure 3.3 shows the same properties as in Figure 3.2, but
versus water saturation and frequency. In this case, the differential
pressure is 40 MPa (p, = 70 MPa and p = 30 MPa), and we assume
that the temperature is 90 °C in van der Waal’s equation (Carcione
and Gangi, 2000b), corresponding to a reservoir at 3 km depth.
Figure 3.3b agrees qualitatively with a similar plot — based on
experimental data of Massilon sandstone —published by Murphy
(1982). The dissipation factor has a maximum value at the Biot
relaxation peak, ranging from sonic frequencies for gas (S, = 0) to
ultrasonic frequencies for water saturated rock with a peak value
around S,= 0.8. The latter behaviour agrees with experimental
data published by Yin et al. (1992).

4. Seismic-to-pressure conversion

The sand/clay acoustic model for shaley sandstones, devel-
oped by Carcione et al. (2000) yields the seismic velocities as a
function of clay (shale) content, porosity, saturation, dry-rock
moduli, and fluid and solid-grain properties. As stated before,
the large change in seismic velocity is mainly due to the fact that
the dry-rock moduli are sensitive functions of the effective pres-
sure, with the largest changes occurring at low differential pres-
sures. The major effect of porosity changes is implicit in the
dry-rock moduli. Explicit changes in porosity and saturation are
important but have a lesser influence on wave velocities than
changes in the moduli. This is due to the fact that the moduli are
highly affected by the contact stiffnesses between grains. In this
sense, porosity-based methods can be highly unreliable.

In order to use the theory to predict pore pressure, we need to
obtain the expression of the dry-rock moduli versus effective
pressure. The calibration process should be based on well,
geological and laboratory data, mainly sonic and density data,
and porosity and clay content inferred from logging profiles.
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Figure 3.1: (a) P- and S-wave velocities vs water saturation predicted by the present model compared to the experimental data of King et al. (2000) at ultrasonic frequencies. (b)

The same properties as in (a), but for all frequencies. Also shown, is the P-wave velocity obtained by using Hill's equation.

Continued on Page 20
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Figure 3.2: The P-wave velocity (a) and dissipation factor (b) as function of differential pressure and water saturation for seismic frequencies (30 Hz).
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Figure 3.3: Three-dimensional plots of the P-wave velocity (a) and dissipation factor (b) versus water saturation and frequency at constant differential pressure p, = 40 MPa.

Let us assume a rock at depth z. The lithostatic or confining pres-
sure can be obtained by integrating the density log. We have that

pc=g!p(z')dz', @)

where p is the density and g is the acceleration of gravity.
Furthermore, the hydrostatic pore pressure is approximately
given by p, = gp,z, where p, is the density of water. As a good
approximation (Prasad and Manghnani, 1997), compressional-
and shear-wave velocities and bulk and shear moduli depend on
effective pressure p, = p — np, where p is the pore pressure and n
is the effective stress coefficient, which can be different for veloc-
ities and moduli. Note that the effective pressure equals the
confining pressure at zero pore pressure.

20 CSEG Recorder September, 2002

In general, n is approximately linearly dependent on the
differential pressure p, = p. — p in dynamic experiments (Gangi
and Carlson, 1996; Prasad and Manghnani, 1997). Therefore, we
assume 1 = n, — n,p, = n, — n,(p, — p). This dependence of n versus
differential pressure is in good agreement with the experimental
values, corresponding to the compressional velocity obtained by
Christensen and Wang (1985) and Prasad and Manghnani (1997).
It is clear that to obtain 11,and n,, we need two evaluations of 1 at
different pore pressures, preferably a normally pressured well
and an overpressured well. If one well or equally pressured wells
are available, the algorithm provides an average value for 7.

Calibration of the model

Ideally, a precise determination of n requires laboratory
experiments on saturated samples for different confining and

Continued on Page 21
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pore pressures. However, even this “laboratory” n does not
reflect the behaviour of the rock at the in-situ conditions, due to
two main reasons. First, laboratory measurements of wave
velocity are performed at ultrasonic frequencies, and second, the
in-situ stress distribution is different from the stress applied in
the experiments. In the absence of laboratory data, or for shales,
we perform the following steps with the data available from a
calibration well (see Figure 4.2):

1. We use Krief et al’s model (Krief et al., 1990) modified by
Goldberg and Gurevich (1998) to obtain the dry-rock moduli as a
function of depth, using the clay-content and porosity profiles.

2. We calculate the upper limit of the dry-rock moduli — at infinite
effective pressure — using the Hashin-Shtrikman (HS) upper
bounds (Hashin and Shtrikman, 1963), and assume an exponen-
tial law for the bulk moduli versus effective pressure.

3. We compute the exponential coefficients (see equation (4.3))
using the values of the moduli obtained in step 1, the
confining and (measured) pore pressures, and the effective
stress coefficients predicted by Biot’s theory.

4. We obtain the in-situ effective stress coefficients by fitting the

theoretical wave velocities (Carcione et al., 2000) to the sonic-
log wave velocities, using the dry-rock moduli versus effective
pressure obtained in steps 2 and 3, and # as a fitting param-
eter. The effective stress coefficient versus pore pressure,
corresponding to the same geological unit, is obtained by
using the linear law n = n, — n,p,.

It is important to point out here that the HS bounds and Biot’s
effective stress coefficient do not depend on the size and shape
of the grain and pores. In this sense, the model has a general
character. The only conditions are linearity, isotropy and the
low-frequency approximation.

If sandstone cores are available, we proceed as follows:

* The upper limits (infinite confining pressure) and exponential
coefficients of the moduli are obtained by fitting the dry-rock
moduli, which are calculated from the dry-rock wave velocities,
while 7 is obtained from experiments on saturated samples for
different confining and pore pressures (Carcione and Gangi,
2000a,b).

Continued on Page 22
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e Continue with step 4 of the preceding list. This step should
improve the determination of n, estimated with laboratory
experiments in step 1.

More precisely, we use the following data of the study area, to
calibrate the model and obtain the effective-stress-coefficient
profile for the formations under consideration:

* An estimation of the porosity profile, ¢(z) , to use in Krief et al’s
model (see below) and in the sand/clay acoustic model (from a
series of logs using artificial neural networks (Helle et al, 2001)).

* An estimation of the clay-content profile C(z), to use in Krief et
al’s model (see below) and in the sand/clay acoustic model
(shale volumes obtained from well logs using neural networks
(Helle et al., 2001)).

e Direct measurements of pore pressure, p(z) from repeat forma-
tion tests (RFT) and/or mud weights provided by the mud-
logging operator).

e Sonic-log information, that is, the P-wave and S-wave velocity
profiles, V,(z) andV(z), used to obtain 1, and n, for the whole
range of effective pressures by fitting the theoretical wave veloci-
ties to V, and V. Here, n, and n, are the effective stress coefficients
corresponding to the dry-rock bulk and shear moduli, respec-
tively.

No laboratory experiments available

Firstly, we consider the model of Krief et al. (1990), to obtain an
estimation of the dry-rock moduli ,K,, , #,, (sand matrix), and K,,,, y1,,,
(clay matrix) versus porosity and clay content. The porosity depend-
ence of the sand and clay matrices should be consistent with the
concept of critical porosity (Mavko et al., 1998, p. 244) since the
moduli should vanish above a certain value of the porosity (usually
from 0.4 to 0.5). This dependence is determined by the empirical
coefficient A (see equation (4.2)). This relation was suggested by
Krief et al. (1990) and applied to sand/clay mixtures by Goldberg
and Gurevich (1998). The bulk and shear moduli of the sand and
clay matrices are respectively given by

K., = K[1-C(2)][1=(z)]"+4/0-4)
K., = K.C(z)[1-0(z)] 4/ 1]

W, = K, (2)n/K,

Ue = Ko (2)U /K,

4.2)

where K, and y, are the bulk and shear moduli of the sand grains,
andK, and y, those of the clay particles. Krief et al. (1990) set the
A parameter to 3 regardless of the lithology, and Goldberg and
Gurevich (1998) obtain values between 2 and 4, while Carcione
et al. (2000) use A = 2. Alternatively, the value of A can be esti-
mated by using regional data from the study area. We use a
general form of Goldberg and Gurevich’s equation.
Experimental data is fitted in Carcione et al. (2000), showing that
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the model has been successfully tested. The model is not based
on a dual porosity theory, but there is only one (connected)
porosity. The clay moduli are taken from fit to experimental data
in Goldberg and Gurevich’s paper.

Secondly, we assume the following functional form for the
dry-rock moduli as a function of effective pressure:

M(z) = ofz)[1-exp(-p.(2)/p*(2))] (4.3)

where a(z), and p*(z) should be obtained (for each moduli) by
fitting Krief et al’s expressions (4.2). The effective pressure at
depth z is assumed to be p, = p. — n,p, where p, is given by equa-
tion (4.1), p is given, and n, is a first estimation of the effective
stress coefficient, based on Biot’s theory (Todd and Simmons,
1972; Zimmerman, 1991, p. 33).

Since there are two unknown parameters (a(z), and p*(z)) and
one value of M for each depth, a(z) is assumed to be equal to the
Hashin-Shtrikman (HS) upper bounds (Hashin and Shtrikman,
1963, Mavko et al., 1998, p.106). Note that the HS lower bounds
are zero, and that the Voigt bounds are (1 - ¢) K, and (1-¢)u,,
respectively. For quartz grains with clay, K, = 39 GPa and y, = 33
GPa (Mavko et al., 1998, p. 307), and if the limit porosity is 0.2,
the HS upper bounds for the bulk and shear moduli are 26 GPa
and 22 GPa, compared to the Voigt upper bounds 31 GPa and 26
GPa, respectively. However, the HS bounds are still too large to
model the moduli of in-situ rocks. These contain clay and
residual water saturation, inducing a chemical weakening of the
contacts between grains (Knight and Dvorkin, 1992; Mavko et
al., 1998, p. 203).

Figure 4.1 shows the dry-rock bulk modulus of several reser-
voir rocks for different confining pressures (Zimmerman, 1991,
p- 29, Table 3.1), compared to the HS upper bounds. The solid
line represents the analytical curve (4.4). On the basis of these
data we apply a constant weight factor f = 0.8 to the HS bounds
— due to the softening effects.

Equation (4.3) for the sand matrix can be written as

K,(2) = BKys(z)[1-exp(-pe(z) / pi(z))], @4

and

Wen(2) = Blgs(2)[1-exp(—pa(z) / p;i())]. (4.5)

where we assume that the effective stress coefficients are given
by Biot’s expressions (Todd and Simmons, 1972),

nOK(Z) = 1_Ksm(z)/Ks

and (4.6)
nOu(Z) = 1_usrn(z)/us:n01((z)

and p, depends on the specific coefficient. The last equality
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Figure 4.1: Dry-rock bulk modulus of several reservoir rocks for different confining
pressures, compared to the HS upper bounds. The solid line represents the analytical
curve (4.4). The data (z1-z23) is taken from table 3.1 of Zimmerman (1991).

results from the third equation(4.2), and the second equation is
merely an extension of the first to the case of shear deformations.

Laboratory experiments available

The evaluation can be improved if laboratory data of dry-rock
P-wave and S-wave velocity are available, and serves to constrain
the values of a and p* in equation (4.3). These sparse calibration
points are based on sandstone or shaley sandstone cores, since dry
measurements in shales are practically impossible to perform. The
seismic bulk moduli K,, and j,, versus confining pressure can be
obtained from laboratory measurements in dry samples. If V,(dry)
and V(dry) are the experimental compressional and shear veloci-

ties, the moduli are given approximately by
Kou= (1=0)p (Vi(dry)—5 Vi(dry))

o = (1-0)p,(Vidry))

and 4.7)

where p, is the grain density. We recall that K, is the rock modulus
at constant pore pressure, i.e. the case when the bulk modulus of the
pore fluid is negligible compared with the dry-rock bulk modulus,
as for example air at room conditions. Then, we perform experi-
ments on saturated samples for different confining and pore pres-
sures, to obtain the effective stress coefficient n. Because these
experiments yield the P-wave and S-wave velocities, and the effec-
tive stress coefficients of wave velocity and wave moduli may differ

from each other, we obtain 7 for

4
K=p(V;-3V), and = pVs 4.8)

where K and p are the undrained moduli.

Calculation of the effective stress coefficients

The last step of the calibration process is to consider equation p, =
p. — np and obtain the effective stress coefficients #,(z) and n,(z) by
fitting the theoretical velocities to the corresponding sonic-log P-
wave and S-wave velocities, by using expressions (4.3). First, we
obtain 1, by fitting the S-wave velocity, because this velocity only
depends on j,,, and then, we obtain r, by fitting the P-wave velocity.
If shear-wave velocity data is not available, we assume 7, = n,,, i.e.,
the Biot estimate. From the values of 7 obtained at the two wells, we
obtain the linear law for the geological unit under investigation. The
values of clay content and porosity away from the wells are assumed
to be equal to those of the nearest well. Interpretation is required to
follow the geological units laterally, as a function of depth, so that the
n profiles can be properly extrapolated. In this study, the clay-matrix
modulus is simply given by Krief et al’s expressions, respectively,
with no explicit dependence on pressure.

Pore-pressure calculation

Finally, the seismic velocity, derived from velocity analysis
and inversion techniques, can be fitted with the theoretical
velocities by using the pore pressure as fitting parameter. The
theory (Carcione et al., 2000) allows us to introduce different
kinds of information explicitly, such as composition (clay
content), fluid saturation, porosity, permeability and viscosity
(Pham et al., 2002). Before dealing with the seismic data we
should test the above procedure in a nearby over-pressured well.
The pore pressure prediction flow chart is shown in Figure 4.2
(Carcione et al., 2001, 2002).

AVO-based verification

In some cases, velocity information alone is not enough to distin-
guish between a velocity inversion due to overpressure and a
velocity inversion due to pore fluid and lithology (e.g., base-of-salt
reflections (Miley, 1999; Miley and Kessinger, 1999)). There are cases,
where overpressuring is not associated with large velocity varia-
tions, as in smectite/illite transformations. Best et al. (1990) use AVO
analysis to treat these cases. Modeling analysis of AVO signatures of
pressure transition zones are given in Miley (1999), Miley and
Kessinger (1999), Carcione (2000a,c) and Tinivella et al. (2001). This
type of analysis should complement the present prediction method
on the basis of geological information of the study area.

5. Application to a North Sea gas field

We consider the Tune Field area in the Viking Graben of the
North Sea. This basin is 170-200 km wide, and represents a fault-
bounded north-trending zone of extended crust, flanked by the
mainland of western Norway and the Shetland platform. The
area is characterized by large normal faults with north, northeast
and northwest orientations which define tilted blocks. Such
blocks contain the sequences present within the well used for

Continued on Page 24
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this study. The main motivation for selecting this area is the fact

Figure 4.2: Flow chart illustrating the pore pressure prediction method from
seismic data.

that highly overpressured compartments were identified by
drilling, and that higher overpressure is expected in future wells
down the flank side towards the central Viking Graben. A
detailed analysis of the fault sealing and pressure distribution in
Tune Field is given by Childs et al. (2002).

Figure 5.1 displays a structural time map of Top Ness,
showing the pressure compartments and the locations of three
wells. Well 2 and 3 are overpressured (by about 15 MPa) and
well 1 has almost normal (hydrostatic) pore pressure. The
dashed line indicates the location of the seismic section shown in
Figure 5.2. The calibration well (well 1) is an exploration well
drilled to a depth of 3720 m (driller’s depth) to test the hydro-
carbon potential of the Jurassic Brent Group. The well includes
reservoir rocks of the Tarbert and Ness formations. The Tarbert
sands are the target units considered in the present study.

The 3-D marine seismic data was acquired by using a system
of 6 streamers of 3 km length with a group interval of 12.5 m and
cross-line separation of 100 m. The shot spacing was 25 m and
the sampling rate 2 ms. The conventional stacked section is
displayed in Figure 5.2, where the location of the wells is shown.
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Figure 5.1: Structural time map of Top Ness (base reservoir) showing the pressure
compartments in the study area. Well 2 and 3 are overpressured (by about 15 MPa).
In well 1 there is almost normal (hydrostatic) pore pressure. The dashed line indicates
the location of the seismic section shown in Figure 5.2. Notice that well 3 is highly
deviated as indicated by the well location at surface (east) and at depth (west).

Figure 5.3 shows pressure and formation data (porosity ¢, clay
content C, density p, water saturation S, and sonic-log velocities
V, and V) for the Tune wells. Note that well 1 is water bearing
with moderate pore pressures while wells 2 and 3 are gas
bearing and overpressured. Reservoir properties and fluid satu-
ration are derived from wireline data using the neural net
approach of Helle et al. (2001) and Helle and Bhatt (2002).

Velocity determination by tomography of depth migrated gathers

Recent advances in depth migration have improved subsur-
face model determination based on reflection seismology.

Continued on Page 25
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Subsurface imaging is linked to velocity, and i a L

an acceptable image can be obtained only o -

with a highly accurate velocity field. It has il - { : : it Fg
been recognized that prestack migration is a o T [ - .

powerful velocity analysis tool that yields
better imaging results than poststack migra-
tion in complicated structures. The basic
assumption underlying the velocity determi-
nation methods based on prestack migration
is that when the velocity is correct, all the

migrations with data in different domains
(e.g. different offset, different shots, different
migration angles etc.) must yield a consistent
image. In order to obtain the velocity field,
we use the seismic inversion algorithm
described by Koren et al. (1998).

We start with an initial model based on
the depth converted time model, using a

layer velocity cube based on conventional
stacking velocities, and the interpreted time- g : ' '
horizons from the Tune project. Line by line,

we perform the 3-D prestack depth migra-  Figure 5.2: Seismic section through Tune wells (Figure 5.3) showing the location of the Top Tarbert -Top Ness
tion using the initial Velocity model and an interval. The mean reservoir fluid pressures are indicated. The depths of interest are between Top Tarbert (green) and

appropriate aperture (3 km x 3 km at 3 km Top Ness (pink)

depth) in the 3-D cube. Through several
iteration loops the model is gradually
refined in velocity and hence depth. Each
loop includes re-interpretation of the hori-
zons in the depth domain, residual
moveout analysis and residual moveout
picks in the semblance volume. This is
performed for each reflector of significance,
starting at the seabed and successively
stripping the layers down to the target.

The tomography considers, 1) an initial
velocity model and, 2) the errors as expressed
by the depth gather residual moveout and the
associated 3-D residual maps. From these two
inputs a new velocity model is derived where
the layer depths and layer velocities are
updated iteratively in order to yield flat
gathers. The refined model is derived using a
tomographic algorithm that establishes a link
between perturbation in velocity and interface
location, and traveltime errors along the
common reflection point (CRP) rays traced
across the model. CRP rays are ray pairs that
obey Snell’s law and emanate from points
along the reflecting horizon, arriving at the
surface with predefined offsets, corresponding
to the offset locations for the migrated gathers.
Each pair establishes a relationship between

Continued on Page 26
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Table 5.1: Statistics of Top Tarbert-Top Ness tomography
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the CRP and the midpoint of the rays at the surface.
Depth errors, indicating the difference in depth of
layer images and reference depth, are picked on the
migrated gather along the horizon and converted
to time errors along the CRP rays. The equations relating the time
errors to changes in the model are solved by a weighted least
squares technique. The final model consists of seven layers, i.e., the
sea water layer, seabed-Top Diapir (clay diapirism is a characteristic
feature of Tertiary throughout the area), Top Diapir-Top Balder, Top
Balder-Top Cretaceous, Top Cretaceous-Base Cretaceous, Base
Cretaceous-Top Tarbert, and the target layer, Top Tarbert-Top Ness.
The velocity maps for Top Tarbert -Top Ness is shown in Figure 5.4
(left panel), where the well locations are indicated. The Cretaceous
layer velocity and the depth to Base Cretaceous reveal a remarkable
similarity, i.e., where the Cretaceous is deep the velocity is high and
where the Cretaceous is shallow the velocity is low, indicating that
the velocity of Cretaceous is essentially governed by the overburden
(e.g. compaction). Base Cretaceous, Top Tarbert and Top Ness depth
maps display the more dramatic geometry of Upper Jurassic, where
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Figure 5.3: Pressure and formation data (porosity ¢ clay content C, density p, water saturation S, and sonic-
log velocities V, and V' for the Tune wells.

the Tarbert Formation is completely eroded in the northwest and
where patches of missing Ness are present along the major faults.
These erosion features are, of course, well reflected in the layer veloc-
ities since here the layer thickness tends to zero and layer velocity is
hence not defined. Structural features are well displayed in the
velocity maps of the Top Tarbert and Top Ness. The Base Cretaceous-
Top Tarbert velocity map reveals, however, a fairly scattered distri-
bution, with small patches of highs and lows within the main fault
blocks.

For the reservoir itself, represented by the Top Ness velocity map,
the distribution is far more coherent. In the Tarbert formation at
wells 2 and 3 in the North fault block, there are consistently lower
velocities than at well 1 in the East block. This feature is fairly
constant for several independent velocity analysis, with a velocity

Continued on Page 27
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increase of about 200 m/s across the fault sepa-
rating the gas-bearing reservoir in the North
block from the water-bearing reservoir in the
East block. A high-velocity ridge separates the
lows at well 2 and 3. Distinct low-velocity zones
are also seen to the south and southeast that are
not correlated with the depth variations. On the
other hand, the high-velocity zones in the south-
west may be related to the Tarbert dipping
down at the western flank. Table 5.1 shows the
results of seven independent velocity analysis

Tap New (1)

obtained in the three well locations, revealing
that the differences in mean velocity between
the “normal” well 1 and the two overpressured
wells 2 and 3 are far beyond the estimated error.

Application of the velocity model for
pressure prediction

In order to estimate the pressure map in
the Tarbert formation, we follow the proce-
dure outlined above. Table 5.2 shows the
values of the basic physical quantities used to  Figure 5.4: Seismic velocity map (left), overpressure prediction (center) and difference in overpressure due to gas-
compute the theoretical velocities. Gas  bearing Tarbert and water-bearing Tarbert (right).
density and gas bulk modulus are computed

by using the van der Waals equation, as
described in Carcione and Gangi (2000Db).
(The values indicated in the table are for
hydrostatic pressure.) We assume, according
to Biot’s theory, that n, = 1, i.e, that at zero
differential pressure the frame bulk modulus
vanishes. The same assumption has been
used for the effective stress coefficient related
to the frame rigidity modulus. Figure 5.4
shows the velocity map (left panel) and the
overpressure map assuming S, = 0.35 and a
gas saturation S, = 0.65 (center panel). The
picture at the right represents the difference
in pore pressure by assuming gas-bearing
Tarbert (the center picture) and water-bearing
Tarbert (S,= 0.94 and S, = 0.06). An overpres-
sure of about 15 MPa is predicted for well 2,
while slightly higher overpressure (18 MPa)
is predicted for well 3. The direct measure-
ments indicate overpressures of about 15
MPa (see Figure 5.3). Figure 5.4 (right panel)
shows that the sensitivity of the model to
fluid saturation is about 8 MPa, indicating
that significant uncertainity can be attributed
to assumption of uniform saturation.

The velocity obtained by careful analysis
of pre-stack 3-D data from the deep and
complex Tarbert reservoir in the Tune gas
field is sufficiently sensitive to pressure and

Continued on Page 28
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pore fluid to perform a meaningful analysis.The velocity and
pressure distribution complies well with the structural features
of the target and the general geological understanding of the
pressure compartments in the Tune field. The partial saturation
model used for pressure prediction can conveniently be cali-
brated against well data, provided that a complete set of logging
data are available for the zone of interest. The most important
part of the prediction process is the determination of the effec-
tive stress coefficients and dry-rock moduli versus effective pres-
sure, since these properties characterise the acoustic behaviour
of the rock. The inversion method based on the shaley sandstone
model must fix some parameters while inverting the others. For
instance, assuming the reservoir and fluid properties (mainly,
the saturation values), formation pressure can be inverted.
Conversely, assuming the pore pressure, the saturations can be
obtained. The latter implies that this method may be used in
reservoir monitoring where the pressure distribution is known
while saturation, i.e., the remaining hydrocarbon reserves, are
uncertain. We have neglected velocity dispersion, which is not
easy to take into account, since Q factor measurements are rare
and difficult to obtain with enough reliability. When using labo-
ratory data for the calibration, the effect of velocity dispersion
can be significant (Pham et al., 2002).

6. Conclusions

Abnormal pressure, or pressures above or below hydrostatic
pressure, occurs on all continents in a wide range of geological
conditions. In young (Tertiary) sequences, compaction disequi-
librium is the dominant cause of abnormal pressure. In older
(pre-Tertiary) rocks, hydrocarbon generation and tectonics are
most often cited as the causes of overpressure. Hydrocarbon
accumulations are frequently found in close association with
abnormal pressure. Thus, in exploration for hydrocarbons and
exploitation of the reserves, knowledge of the pressure distribu-
tion is of vital importance for prediction of migration routes and
location reserves, for the safety of the drilling and for optimising
the recovery rate in production.

In this study, we have quantified the effect on seismic prop-
erties caused by the common mechanisms of overpressure
generation such as hydrocarbon generation, oil-to-gas cracking
and disequilibrium compaction. Fluid pressure due to hydro-
carbon generation in source-rock shale significantly reduces the
seismic velocities and enhances the anisotropy. Attenuation and
attenuation anisotropy are also strongly effected, thus further
enhancing the seismic visibility of overpressure in the shale.In
deeply buried reservoirs, oil-to-gas cracking may increase the
fluid pressure to reach lithostatic pressure, and the seismic veloc-
ities are shown to drop significantly when only a small fraction
of oil in a closed reservoir is converted to gas. Non-equilibrium
compaction generates abnormal pressures that, under certain
conditions, can be detected with seismic methods. In this case,
the fluid mixture filling the pore-space has a major influence on
P-wave velocity and my cause under- or over-pressures
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depending on its compressibility and thermal expansion coeffi-
cient. Rocks saturated with fluids of low compressibility and
high thermal expansion are generally overpressured and can be
seismically visible.

The feasibility of pressure prediction from seismic data rely
upon two main factors:

¢ Accuracy of the relationships linking the rock physics parame-
ters to pore pressure and properties of the seismic wavefield.

*The quality of the seismic data and the analysis of seismically
derived parameters such as the wave velocity and amplitude
(AVO).

We have attempted to link the rock physics parameters, based
on first-principles, directly to pore pressure whereas the
common conversion methods are based on empirical porosity-
stress models valid only for shales saturated with water. Our
method, on the other hand, applies to shaley reservoir rocks as
well as pure sandstone and shale. Since drilling hazard more
often is associated with overpressure in reservoir rocks
containing gas rather than with low-permeability water satu-
rated shale, a more general method that accounts for variation in
lithology and pore-fill can be justified. However, no reliable
method of pore pressure estimation from seismic data can be
applied without model calibration against rock physics parame-
ters, as obtained from well logs or laboratory experiments. In
absence of local wells a calibration based on regional data is
normally in favour of importing empirical relationships devel-
oped for a different basin.

Recent developments in 3-D seismic data acquisition and
processing techniques have provided an appropriate platform
for accurate estimation of seismic velocity and amplitude for
input to the pressure analysis. This is further fertilised by the
recent developments in techniques and availability of software
for 3-D prestack depth migration, velocity tomography and
AVO, which greatly enhance the feasibility of pore pressure esti-
mation from seismic data.

The velocity obtained from the Tune gas field is sufficiently
sensitive to pressure and pore fluid to perform a meaningful
analysis. A critical step in the prediction procedure is the deter-
mination of the effective stress coefficients and dry-rock moduli
versus effective pressure, since these properties characterise the
acoustic behaviour of the rock. The inversion method based on
the shaley sandstone model must fix some parameters while
inverting the others. For instance, assuming the reservoir and
fluid properties, formation pressure can be inverted. Conversely,
assuming the pore pressure, the saturations can be obtained. The
latter also illustrates the ambiguity imbedded in the problem
that may be resolved by AVO.

Continued on Page 29
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