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ABSTRACT

Injection of CO, into underground saline formations, due
to their large storage capacity, is probably the most promising
approach for the reduction of CO, emissions into the atmosphere.
CO, storage must be carefully planned and monitored to ensure
that the CO, is safely retained in the formation for periods of at
least thousands of years. Seismic methods, particularly for offshore
reservoirs, are the primary tool for monitoring the injection process
and distribution of CO, in the reservoir over time provided that
reservoir properties are favourable. Seismic methods are equally
essential for the characterisation of a potential trap, determining
the reservoir properties, and estimating its capacity. Hence, an
assessment of the change in seismic response to CO, storage needs
to be carried out at a very early stage. This must be revisited at
later stages, to assess potential changes in seismic response arising
from changes in fluid properties or mineral composition that may
arise from chemical interactions between the host rock and the
CO,. Thus, carefully structured modelling of the seismic response
changes caused by injection of CO,into a reservoir over time helps
in the design of a long-term monitoring program. For that purpose
we have developed a Graphical User Interface (GUT) driven rock
physics simulator, designed to model both short and long-term 4D
seismic responses to injected CO,. The application incorporates
CO, phase changes, local pressure and temperature changes,
chemical reactions and mineral precipitation. By incorporating
anisotropic Gassmann equations into the simulator, the seismic
response of faults and fractures reactivated by CO, can also be
predicted.

We show field examples (potential CO, sequestration sites
offshore and onshore) where we have tested our rock physics
simulator. 4D seismic responses are modelled to help design the
monitoring program.

INTRODUCTION

Theories and empirical models developed in rock physics
provide essential tools for the seismic analysis of porous media.
They relate the micro-structure of a porous rock to its seismic
response. Widely used theories and formulations have been
discussed by numerous researchers in this field (Gassmann, 1951;
Wyllie et al., 1958; Mavko et al., 1998). To make these models
readily accessible to a wider geophysical community, we have
developed a user-friendly GUI-driven rock physics simulator,
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for fluid substitution in generalised media. Specifically for CO,
sequestration objectives, we also include computations of CO, and
CH, properties under variable temperature and pressure regimes
(Rowe and Chou, 1970; Span and Wagner, 1996; Angus and
Reuck, 1976). Moreover, variation in CO,/CH, mixtures under
variable pressure and temperature conditions is also incorporated
into the calculations (Duan et al., 1992). Fluid-substitution
modelling can then be performed to assess the 4D seismic
response to CO, injection.

During a long-term CO, sequestration process, the composition
of fluid in the pore space may change, accompanied by chemical
reactions, change in minerals composition, precipitation of new
minerals, and often changes in reservoir pressure and porosity
(Johnson et al., 2001). Such changes will produce different seismic
responses over time, depending on the type of the host rock
(lithology and mineral composition of the reservoir), its porosity,
permeability, injection rate, pressure at the well, and the CO, state-
of-phase. Our simulator transforms such changes into equivalent
seismic responses.

COMPUTATION OF ELASTIC PARAMETERS OF A
RESERVOIR

At low frequencies, Gassmann (1951) and Biot (1956) predicted
the effective bulk modulus K, . and shear modulus g, ..., of
saturated porous rocks. The equations are as follows:
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Here, Kgmin and JI the bulk modulus and shear modulus for

grain minerals, while K, . u, are for dry frame rocks. Ky ;, is the
bulk modulus for the saturating fluid, and ¢ represents the porosity
value. From equations (1) and (2), we need the values of K arain®
Hopgins Koy Kouiar Hary ¢, to estimate the effective bulk and shear
moduli of fluid-saturated porous rocks. Then we can compute the
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Here, p is the density for the fluid-saturated porous rocks.

From well logs, core sample analysis, and a priori geological
knowledge of the local basin conditions, porosity, density, pressure,
temperature, permeability, mineral composition, P- and S- wave
velocities may be estimated with various proposed fluids or their
mixtures occupying the pore space. However, the evaluation of
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elastic moduli for grain minerals and the dry rock frames is not
exact and in general may be prone to errors. Widely used theories
and formulations have been discussed by numerous researchers
in this field (Wyllie et al., 1958; Krief et al., 1990; Mavko et al.,
1998). These theories and empirical models developed in rock
physics enable us to utilise Gassmann’s equation (Gassmann,
1951) for computation of the properties of fluid-saturated rocks. In
practice an optimum approach has to be evaluated for any specific
sedimentary basin. To help such processes, we have devised
several utilities, which enable the user to make the right choice,
particularly when either computing dry moduli or modelling them
from log data. The final stage of the simulator provides a full
short- and long-term prediction of the 4D seismic response to a
CO, injection process.

FSM_SIMULATOR

FSM_SIMULATOR is a program manager for launching
simulations of seismic property changes in fluid-saturated porous
rocks. There are three major components:

« Computation of fluid properties for a single or multiple
constituents under reservoir conditions

+ Computation of elastic properties of porous rocks containing
different fluids or fluid mixtures

+ 4D seismic response prediction for generalised porous rocks
containing CO, or fluid mixtures

The FSM_SIMULATOR control box is shown in Figure 1.
While each module can be used independently, the computation of
fluid properties is normally conducted first.

Fluid property calculation

The calculation of the physical properties of a fluid saturating
a reservoir is an essential step for fluid-substitution modelling. For
different fluid types such as brine, oil, live oil, and gas, the density
and bulk modulus are calculated from the Batzle and Wang (1992)
equations. For a fluid mixture we use Wood’s formula (Wood, 1955).
The Voigt (1890) average could be used for a patchy saturation
when the fluid phases are mixed more heterogeneously relative to
the seismic wavelength. For CO, sequestration objectives we also
include computations of the properties of a CO,/CO, saturated
brine and CH,/CH, saturated brine under variable temperature and
pressure regimes (Rowe and Chou, 1970; Span and Wagner, 1996;
Angus and Reuck, 1976; Duan et al., 1992).

Computation of dry and saturated moduli

To utilise the Gassmann equation for fluid-substitution
modelling, we must estimate the elastic moduli of the grain
mineral and the dry rock frame. For a heterogeneous rock,
Hashin-Shtrikman bounds, the Kuster-Toksoz formula, and the
Reuss average can be used to predict average grain moduli K,
and Hein (Mavko et al., 1998). There are also several theoretical
and empirical models that estimate the dry frame moduli K, and
H,, for dry rock frames. They are: the Krief empirical formula,
the Nur model, the Geertsma model, the Hertz-Mindlin model,
the Walton model for infinitely rough grains, smooth grains, and
their average values, the uncemented sand model with cement
deposited within the pore spaces away from the grain contacts, and
the cemented sand model with cement deposition evenly across the
grain surfaces and only at the contacts between grains (Mavko et
al., 1998; McKenna, 2002). With the estimated values of bulk and
shear moduli for the grain and skeleton frame, combined with the
fluid moduli, the effective moduli for the fluid-saturated porous
rocks can be computed via the Gassmann-Biot equations. The
velocities for P- and S-waves, Poisson’s ratio, and other elastic
properties can then be derived. Comparing the calculated with
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measured values, a suitable model for the local basin conditions
can be determined. Apart from the existing models for the
calculation of dry moduli, we may also directly compute the dry
moduli from the logs using the Gassmann equation, provided
that the elastic moduli for mineral constituents, pore fluid, and
the porous rocks are known or modelled beforehand. Using the
appropriate model, the seismic properties for the reservoir under
different fluid saturation can be estimated.

The porous frame may be composed of two different types of
solid constituent. For example, sandstone may contain a substantial
part of clay in its pores. Assuming the relative change in volume
of each constituent equals the volume changes of the equivalent
medium, Berryman and Milton (1991) derived equations for
the calculation of the elastic moduli for porous rocks with two
constituents. Such a model is also incorporated into our rock
physics simulator.

In practice, the measured input parameters always have errors
to some degree. It is important that the input errors should not
influence the calculation results of the elastic moduli to the point
that the calculation is unreliable. For that reason we designed the
Sensitivity Analysis module to analyse the uncertainty of the final
results if one of the input parameters is estimated with error of up
to +10%. While it is unlikely that error exists in only one input
parameter, this type of analysis provides an estimate of the potential
error involved in computation of elastic moduli, for a particular
case.

After selecting an optimum model for computation of elastic
moduli and performing sensitivity analysis, further fluid-substitution
modelling is performed, typically within the reservoir interval. In
some cases accurate information about mineral grain moduli under
reservoir conditions may not be available. Consequently, the values
assumed may result in inaccurate velocity estimations. A best-fit
iterative approach is then used at this stage to find the most suitable
values from the log data for the selected computational model.

Anisotropy and fracture density

Another feature of the simulator is the computation of elastic
moduli for saturated fractured porous rock and prediction of its 4D
seismic response. In terms of CO, sequestration, such an analysis
is important for an early detection of fault and fracture reactivation
caused by CO, upward migration (buoyancy effect) or increased
pore pressure. CO, migration along existing fractures will also be
important in predicting long-term CO, flow. For a fractured porous

Flutd Modul Calculator

Sensitity Analysis
Fluid Substitution Method Estimation Fluid Substitution Modeling for Log Data

Velocity for Mineral with Two Canstituents 40 Seismic Response For CO2 Storage

Fig, 1. The user interface for the FSM_SIMULATOR program.
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reservoir the anisotropic Gassmann equation (Gurevich, 2003) is
utilised for fluid substitution and included in the simulator.

Prediction of seismic response to a long-term CO,
sequestration

After injection of CO, in a shallow aquifer, CO, will typically
migrate as an immiscible fluid and start replacing formation
water in the reservoir. CO, is trapped beneath a seal and this is
often referred to as structural trapping (McKenna, 2004). After
a substantial time in which CO, is structurally trapped within
the reservoir, solubility trapping will occur as CO, dissolves in
the formation water. Gradually, CO, will interact with the host-
rock frame (by exchange of minerals, or precipitation). This
final stage is known as mineral trapping and the reservoir will
involve petrophysical alterations (McKenna, 2004). During these
CO, storage stages, changes in fluid type, porosity, and pressure,
chemical reactions, mineral precipitations, and other processes may
cause a detectable change in the seismic response. Our simulator
can be used to estimate the time-lapse or 4D change in the seismic
response and assess the feasibility of seismic monitoring.

To examine the free CO, effect, a numerical simulation is
implemented first for the seismic response of brine with different
CO, saturations. The reservoir rock frame is composed of quartz
and clay with 20% porosity. Pore pressure is 14.48 MPa, the
overburden pressure is 33.44 MPa, and temperature is 92°C. Figure
2 shows the density and bulk moduli of the fluid mixture with
different CO, saturations. The velocities and velocity ratio for the
fluid-saturated rocks are also displayed by using the Krief model
to calculate the bulk and shear moduli for the dry rock frame. As
the arrows indicate in the figure, even a very small amount of CO,
will dramatically change the fluid properties, and hence, cause
large changes in the porous rock properties. These changes can be
used to assess the feasibility of seismic monitoring.

The methodology described above has been applied to the
Otway Basin and the Perth Basin, which are two potential CO,
sequestration sites in Australia.

OTWAY BASIN 4D SIMULATION

A depleted gas field in the Otway Basin is considered a
potential test site for CO, sequestration. The Naylor 1 well at this
site was available for the analysis and simulation of the seismic
response. Before production, a sonic log and surface seismic data
were acquired (Figure 3). Core samples of the reservoir Waarre
Sandstone were also tested in the CSIRO Petroleum laboratory
(Siggins, 2006). This work established the following relations
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Fig. 2. The effect of free CO, gas on elastic moduli for different
saturation levels.
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linking seismic velocities and density for the dry Waarre Sandstone
to varying effective pressure:

Voo =1922.5P " (mfs) . )
v gy =1007.5P, ™" (mis) (6)
Pay =1966.3kgm™ . N

The laboratory measurements were also carried out for the
Waarre Sandstone saturated with CO, in various phase states. The
laboratory measurements established that the Gassmann equation
can predict velocities for Waarre Sandstones for different CO,
saturations and effective pressures provided that effective pressures
are relatively high. Effective pressures must be sufficiently high so
that compliant pore space is compressed and doesn’t contribute to
the bulk modulus and influence seismic wave propagation. This
justified the use of our simulator for the prediction of 4D seismic
response at this site.

The fluid and mineral moduli are derived from petrophysical
data obtained for the reservoir before gas production. Dry bulk
and shear moduli at each reservoir depth are then derived from
the measured logs by using the Gassmann equation. A cross-
check between mineral and dry frame moduli shows that in this
case inversion for dry moduli from log data works reasonably
well (Figure 4). By using subscript O to represent the physical
property for pre-production values, the dry bulk and shear moduli
under different effective pressures can be recovered by the use of
equations (5) and (6), as follows:

1022
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After gas production, the pore pressure decreased from
26.37 MPa to 14.48 MPa, and the reservoir is saturated with brine
and methane with the saturation ratio 0.7:0.3. We assume the
injected CO, will substitute part of the brine and the saturation
ratio for brine, CO,, and CH, is 0.09:0.61:0.3, while the pore
pressure increased to 15.86 MPa due to the CO, injection. The
predicted seismic response after CO, injection for reservoir
depth between 2041 m and 2049 m, is shown in Figure 5a. The
percentage changes for the density and velocities after the CO,
injection are shown in Figure 5b. This example considers only one
of several possible scenarios that could happen after CO, injection.
For example, the CO, could fill the space between the methane cap
and water saturated sand, instead of being mixed with the methane.
If that is the case, the seismic responses will show different
characteristics. By seismic monitoring, such changes should be
measured and compared to the predicted response. This will enable
us to understand the fluid distribution, reservoir pressure, and
saturation amount.

PERTH BASIN MODELLING STUDY

A similar feasibility study was conducted in offshore Perth
Basin. The main objective at this site was to assess the potential
of 4D seismic measurements for monitoring the distribution of a
CO, plume.

There are measured data from 17 petroleum exploration wells,

and extensive seismic surveys allow us to construct a detailed
structural section across the Southern Perth Basin (Figure 6).
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The offshore basin (the Vlaming Sub-basin) has previously been
identified as an Environmentally Sustainable Site for CO, Injection
(ESSCT), relatively close to potential sources in the Kwinana area
approximately 40 km distant. The Gage Sandstone is the potential
reservoir for the injected CO,. We use the log data from well
Mullaloo 1 to study the seismic response changes resulting from
the CO, injection process.
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Fig. 4. Dry moduli at each depth from log data, derived using the
Gassmann equation. The computed grain moduli are also shown. In
this case inversion for dry moduli from log data works reasonably
well.
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Fig. 5. Fluid-substitution results for CO, injection. After CO, injection,
CO, is assumed to replaced 61% of its original fluid in the shaded
area between depth 2041 m and 2049 m. (a) The density and velocities
before and after CO, injection. (b) The percentage changes for the
density and velocities after the CO, injection.
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Fig. 6. The structure section for the Gage Sandstone in Perth Basin.

South Perth Shale dominates the interval between 1200 m and
1500 m depth, while Gage Sandstone is present between 1500
m and 1650 m. Gage Sandstone is composed of quartz and clay.
Overburden pressure is 33.75 MPa and pore pressure is 15 MPa,
and temperature is 60°C. As an example we represent 4D seismic
response changes (post- minus pre-injection) in the form of 3D
plots (Figure 7), modified from the initial research by McKenna
et al. (2003). Changes in seismic velocities, density, v,/v, ratio,
Ap, and pp atributes are computed here as functions of pressure
(or depth), saturation, and temperature. Noticeable 4D effects
are observed for assumed different saturations of immiscible
CO,. This clearly shows that 4D seismic methods are technically
feasible, based on reservoir and fluid properties, and could be a
primary monitoring tool at this site.

CONCLUSIONS

A rock physics simulator has been developed for evaluation of
the elastic moduli for a generalised porous medium. The software
enables a quick selection of the optimum approach for computation
of elastic moduli. The inclusion of an anisotropic Gassmann
equation into the simulator made it more versatile and applicable
to any reservoir condition. Computed changes can be shown in a
variety of ways including 3D plots, log-type, or block diagrams.

The rock physics simulator has been successfully applied to
the Perth Basin and Otway Basin, to model 4D seismic response
changes caused by CO, injection, and will help assess the feasibility
of seismic monitoring at these sites. The simulator can also be used
to assess the feasibility of seismic monitoring to detect leakage
into overlying formations. The use of the simulator is not limited
to a CO, sequestration process. It can be conveniently used for a
generalised AVO analysis in hydrocarbon exploration.
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