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Executive summary
The report presents the final report for project 7-0314-0232 - Feasibility of monitoring an injected CO2
plume at the South West Hub (SW Hub), also known as Monitorability. The objective of the Monitorability
project is to examine the suitability of a range of key monitoring technologies for the SW Hub Project
through desktop models of the geophysical and hydrodynamic responses to the commercial scale
injection of CO2 at the SW Hub CCS site. The techniques evaluated were both surface geophysical and
well-based monitoring techniques, specifically seismic, gravimetry, electromagnetic, InSAR and pressure.
The outcome of the report is an assessment of each of the technologies in terms of their practical
application in terms of field equipment, manpower, resolution, timing and cost. A final high level
monitoring strategy for the SW Hub is made, including recommendations for further study.
The ability to detect the CO2 plume in the injection zone is essential for the verification of storage
containment and efficiency. Monitoring technology needs to provide sufficient certainty for the
regulator and the public that the injected CO2 will remain within the storage reservoir and to verify
reservoir model predictions regarding the behaviour of the CO2 plume. It should be cost effective, yet
have sufficient sensitivity and reliability to provide a true indication of anomalous behaviour, providing
accurate and transparent evidence that CO2 is effectively stored (Srivastava et al., 2009). Therefore,
before an effective monitoring plan can be considered for the SW Hub project, it needs to be established
which techniques have the appropriate resolution capable of mapping the movement of injected CO2
over time for the intended injection volumes and the given geological framework.
The SW Hub project is in a pre-competitive phase, so this project was constrained by the use of the
current geological models and reservoir simulations undertaken on behalf of the project proponents by
Odin Reservoir Consultants Pty Ltd (Odin). The outcomes of the Monitorability project are therefore
subject to the assumptions and data limitations contained in the Odin models and simulations and the
consequent uncertainties of their predictions. All of the modelling undertaken within the Monitorability
project used the base case simulation as supplied by Odin, in which 800,000 tonnes/annum are injected
through nine wells for 30 years. The suite of reservoir simulations provided by Odin does not have the
CO2 reaching or entering the Yalgorup Member. Nevertheless, we considered it important to consider
the detectability if any CO2 did enter the Yalgorup, however unlikely. Therefore, we have initiated
additional preliminary numerical simulations to inject at the top of the Wonnerup to allow the CO2 to
move into the Yalgorup Member via faults. The seismic signal of the resultant plume was modelled and
the pressure distribution was examined for detectability.
One of the technologies considered for the SW Hub was Interferometric Synthetic Aperture Radar
(InSAR). There are two components required to assess the usefulness of InSAR for the SW Hub. The first
is an understanding of the background rate of surface movement and the quantification of such. The
second is an understanding and comparison of how much surface uplift is predicted as a consequence of
the injection of commercial scale volumes of CO2. Both of these components were examined
independently and the predictions from each compared.
Two sets of satellite InSAR data were examined and both produced images that show realistic vertical
ground deformations (uplift/subsidence) in the range of 5-20 mm/yr ± 2 mm/yr and some horizontal
motion. The vertical movement is interpreted to be associated with hydrological forces, such as changes
in groundwater level associated with rainfall and anthropogenic activities. The horizontal movement is
considered due to forces associated with local faults or regional tectonic activity.

A suite of geomechanical models was developed to quantify the amount of ground level uplift that
would be expected from the injection of CO2 as per the previously described base case. Due to the
limitations of the software and computing time, the number of faults in the Odin geological model was
reduced and the stratigraphic horizons and intersections with the faults simplified. The conclusions from
this study predict that CO2 injection at the rate of a total of 800,000 tons per year over 9 injection sites
into the Wonnerup horizon does not lead to geomechanical failure in any of the faults (no reactivation)
or host rocks. The model results predict moderate ground-surface uplift at the end of the injection
period, between 1.22 and 23 mm.
Comparison of these two predictions suggests that InSAR would have limited application to the SW Hub
as the background noise is of the same magnitude as the uplift. If the geomechanical modelling is
correct, the task and costs associated with quantifying and attributing the background noise to observe
the injection related uplift signal is likely to be significant.
Pressure monitoring is a standard tool and recommended for all projects. The Monitorability project
assessed the usefulness of pressure monitoring for the SW Hub in terms of i) conformance i.e. injection
into the Wonnerup Member and detection in both the Wonnerup and the overlying Yalgorup and ii)
containment i.e. detection of an anomalous pressure signal in the Yalgorup due to the presence of CO2.
As previously described, Odin’s base case simulations were used to investigate changes in pressure
related to injection. The simulations undertaken by Odin included significantly varying key parameters
to produce a number of scenarios investigating the spatial and temporal range of CO2 distribution within
the Wonnerup Member. In all of their simulations the entire CO2 volume remained within the
Wonnerup. The accuracy of the pressure responses produced by the Odin simulations are limited by the
uncertainties contained within the model, including limited data and lack of capillarity.
The range and distribution of the pressure signal produced by the simulations during and after injection
into the Wonnerup was examined. Using a very conservative limit of detectability (10 kPa), the change in
pressure produced by injection is detectible at the base of the Yalgorup within one year of injection, if
the monitoring well is close to the injection sites. As expected, detectability decreases with increasing
distance from the injection sites, but increases with increasing volume of injection. Initial results also
indicate that pressure monitoring at high frequency across multiple wells may have some application to
reducing the uncertainty in the plume behaviour by differentiating between plume behaviour scenarios.
The Yalgorup simulations were designed to acknowledge that the likelihood of CO2 entering the
Yalgorup was low and any CO2 present at the top of the Wonnerup would likely be driven mostly by
buoyancy rather than by injection pressure. The most likely point of entry into the Yalgorup would then
be via the fault related juxtaposition of permeable units in the Wonnerup and Yalgorup. Examination of
Odin’s fine scale geological model produced a number of examples of this type of juxtaposition
behaviour, highlighting one of the key risks identified for the SW Hub. The fine scale model was cropped
around one of these examples and CO2 introduced from a location adjacent to the fault and in the
permeable unit at the top of the Wonnerup. The CO2 was introduced at relatively low injection rates and
the changes in pressure over time observed at a number of monitoring wells. The monitoring wells
included Odin’s injection wells, the existing Harvey wells and an additional three monitoring wells
completed in the Yalgorup Member.
The simulations produced a detectable signal at those monitoring wells closest to the site of ingress.
However the results were highly dependent on the size of the aquifer attached to the model, i.e. the size
of the compartment, both laterally (faults) and vertically (stratigraphic). This is not surprising as pressure
is particularly sensitive to compartment size and again highlights the key uncertainties of the SW Hub
being fault behaviour and vertical baffling within the Yalgorup.
If these predictions are correct, any pressure monitoring undertaken in the Yalgorup will need to be
carefully designed to differentiate between a signal related to the injection (conformance) and one
15

related to CO2 in the Yalgorup (however unlikely). Monitoring the pressure at the injection interval in the
Wonnerup is an essential source of immediate and real-time data with which to calibrate reservoir
models used to predict the plume behaviour and recommended as part of the monitoring strategy.
The feasibility of seismic techniques to monitor scCO2 injected and stored at the SW Hub site was
examined in detail using 4D full-elastic numerical modelling. Baseline seismic model of the subsurface
was built by conversion of current suite of static and dynamic models. To this end, we established a
robust rock physics modelling workflow based on adaptive logs averaging and correlation analysis. This
method allowed us to compensate effectively for the significant uncertainty of the elastic response to
the scCO2 injection introduced by the limited sampling of the deep Wonnerup member and errors in the
well log readings within the Yalgorup member. The monitoring seismic models were obtained through a
fluid substitution technique suitable for shaly sands.
A set of comprehensive full-elastic computer simulations were undertaken. The synthetic seismic
wavefield generated resembled the seismic wavefield previously recorded in field studies at the SW
Hub. The significant amount of scattering from meso-scale seismic heterogeneities in the overburden
contributed to challenges in the seismic processing and interpretation. The fluid flow simulations
predicted that the buoyancy-driven plumes have significant thickness to allow for the robust detection
of the time shifts. However, the magnitude of the seismic effects caused by the injection is unlikely to
exceed ~1% due to high stiffness of mineral matrix and small porosity. Such contrasts make amplitudebased monitoring inefficient, while kinematic parameters of the seismic records may be more
productive for the time-lapse seismic monitoring of the injection. The predicted seismic response would
therefore require high repeatability and dense coverage from the conventional surface-based seismic
surveys.
Field studies of the seismic repeatability at the site will be required for precise quantification of the
sensitivity and temporal resolution of the seismic signal. However, surface-only seismic monitoring is
unlikely to be sufficient for the plume detection and characterisation. Hence, we designed a monitoring
system that combines conventional surface seismic with surface-to-borehole monitoring is
recommended for the SW Hub.
The surface seismic data provides the lateral distribution of the injected scCO2. The surface monitoring
program has to provide sufficient coverage and fold over the injection. It implies at least 7km×5km,
which converts into 11 lines of 280 geophones and shot points each, and a relatively dense sources
network to guarantee high fold.
The borehole seismic monitoring requires DAS cables deployed in each of the injection wells and
provides a tool for quantitative interpretation of the time-lapse signal to produce an accurate image of
the vertical structure of the plume and an estimate of the volumetrics, i.e. effective saturation, gas
column height etc. The 3D monitoring data will be acquired concurrently with the surface seismic, i.e.
we propose a 4D VSP monitoring system. In addition, permanently deployed DAS receiver arrays provide
an opportunity for continuous monitoring of the injection using a limited number of permanent
receivers located at the well heads.
Given the rather quiescent injection interval, the combined 4D surface and borehole seismic is expected
to provide a robust monitoring system. The following schedule is recommended for seismic monitoring
at the SW Hub:
•
•
•

The first full-scale 4D survey after one year of injection;
Annual surveys for the first five years of injection;
A survey every subsequent five years.

Seismic detection of a small leakage of the scCO2 into the Yalgorup formation along a fault (using the
simulations constructed for the pressure monitoring study) is detectable in the noiseless synthetic data.

However, it is unlikely to be detectible in the presence of noise and hence likely to have limited
application to the SW Hub.
The value of emerging technologies around electromagnetic (EM) and gravity methods for monitoring of
CO2 injection and storage in the Wonnerup Member over long time frames (e.g. 30 years) at the SW Hub
have been assessed through comprehensive numerical simulations for a range of EM and gravity
surveys. For consistency, the parameters for sequestration are based on the Odin base case simulations.
The low porosities (e.g. less than 5 %) and an injection interval largely below 2500m make the SW Hub
highly challenging for conformance monitoring with both gravity and EM methods.
The current analysis assesses the EM fields generated from close to 5300 combinations of source
position, frequency and geo-electrical model. For controlled source EM (CSEM) monitoring only specific
combinations of (i) transmitter frequency, (ii) transmitting/receiving antenna geometry/moment and (iii)
transmitting/receiving antenna arrangements with reference to the target CO2 will detect measurable
changes in electric and magnetic fields associated with sequestration of CO2. Nevertheless, given
appropriate selection of frequencies and Tx / Rx location then CSEM systems can be designed to detect
measurable changes in EM fields related to injection and storage of CO2 by at least year 2050 (ie. with a
high powered electrical bipole source).
Combinations of surface and in-hole measurements would appear to have the best prospect for success.
For example a system including a high powered surface electrical bipole source and above zone in-hole
well based receiver has the advantage that the receivers can be set in an exceedingly low noise
environment. Alternatively a high powered in-hole vertical electrical dipole transmitter set above the
Wonnerup Member has the advantage that 3D surveying of electric and magnetic fields can be
completed. This is important as we have shown that recording at far offsets may be critical for time
lapse CSEM methods.
The three-dimensional changes in gravitational acceleration due to inferred changes in density resulting
from injection and storage of CO2 have been computed. For the surface monitoring of gravitational
fields it is likely that the newest superconducting gravity metres (i.e. reported to have less than 1 micro
gal detection limit) would detect measurable changes in gravitational acceleration by the time the
injected plume is sufficiently developed (for this report assumed to be 2050). For In-hole monitoring of
gravitational fields (e.g. above zone monitoring) it is likely that the modern conventional downhole
logging instruments would detect measurable changes related to commercial scale sequestration of CO2
at the SW Hub by year 2050.
Potential application of EM and gravity methods for monitoring CO2 has been evaluated through a
combination of surface, above the injection zone, reservoir, and within plume monitoring. It is
considered highly likely that both methods will find value for long term monitoring of large volumes of
injected CO2. On a shorter time scale, reservoir zone monitoring should be able to detect smaller
volumes of CO2. Field based experiments will be required to calibrate and constrain the inputs into the
modelling. Nevertheless, these methods have potential to provide information about the subsurface
distribution of a large CO2 plume at low cost and low risk.
The maximum value of any monitoring strategy is achieved when it informs a decision-making process
and is strongly aligned to reducing or addressing the uncertainty of the risks (technical, economic and
social) associated with the project. Any monitoring strategy should be implemented as a fit-for-purpose
integrated, flexible system in a cost-effective manner aligned to the monitoring objectives to the project
it supports. The SW Hub has developed a comprehensive uncertainty management plan (UMP) detailing
the risks associated with the project. Each of these technologies was considered relative to the UMP. As
is the case in most CCS projects, the two primary technologies of most use to the SW Hub at this time
are seismic and pressure monitoring. A well-designed monitoring strategy integrating the data obtained
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from these two technologies into the project geological model and reservoir simulations before, during
and after injection should be able to comply with the conformance requirements of the regulators.

1 Introduction
The report is the final report for project 7-0314-0232 - Feasibility of monitoring an injected CO2 plume at
the South West Hub (SW Hub), also known as Monitorability.
The ability to detect and determine the extent of the CO2 plume in the injection zone is essential for the
verification of storage containment and efficiency. Monitoring technology needs to provide sufficient
certainty for the regulator and the public that the injected CO2 will remain within the storage reservoir
and to verify reservoir model predictions regarding the behaviour of the CO2 plume. It should be cost
effective, yet have sufficient sensitivity and reliability to provide a true indication of anomalous behaviour,
providing accurate and transparent evidence that CO2 is effectively stored (Srivastava et al., 2009). The
monitoring strategy for any storage project requires evaluating which monitoring techniques are most
effective and economic for the specific geological situation (Srivastava et al., 2009).
Therefore, before an effective monitoring plan can be considered for the SW Hub project, it needs to be
established which techniques have the appropriate resolution capable of mapping the movement of
injected CO2 over time for the intended injection volumes and the given geological framework. The
purpose of this project is to assess the applicability of the principal monitoring techniques for their specific
application to the SW Hub in the event of the injection of commercial scale volumes of CO2 into the
Wonnerup Member. The
The SW Hub project is in a pre-competitive phase, so this project was constrained by the use of the current
geological models and reservoir simulations undertaken on behalf of the project proponents by Odin
Reservoir Consultants Pty Ltd (Odin). These models and simulations were used to undertake desktop
studies to evaluate the limits of detectability of the plume within the storage container. The outcomes of
these studies were then used to consider the practical application of each technique in terms of field
equipment, manpower, resolution, timing and cost. The techniques evaluated were both surface
geophysical and well-based monitoring techniques, specifically seismic, gravimetry, electromagnetic,
InSAR and pressure. The techniques have been assessed and their application to SW Hub compared in
terms of their resolution, relative cost and timescale. The Odin models have been built using industry
standard processes and software and have been extensively peer reviewed. Nevertheless, they are
constrained by the quantity and quality of the data and the software. As such, the relative suitability of
the monitoring techniques evaluated herein for the SW Hub are similarly constrained.
The workflow for each component essentially included:
1. Examination of the geological and structural model and the reservoir simulations of injection into
the Wonnerup to be fit for purpose;
2. Prediction of the time-lapse response associated with the injection for each technique
3. Assessment of the detectability of the changes;
4. Estimation of the uncertainties in monitoring plume development;
5. Consideration of the practicalities of field deployment and data analysis
There are two interdependent primary purposes of a monitoring strategy:
i)

conformance monitoring – to verify that the CO2 plume is behaving as predicted in the storage
complex, and
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ii) containment monitoring – to verify that no loss is occurring and to detect early warning signs of
any potential loss of containment from the storage complex.
The Monitorability project is primarily concerned with conformance monitoring. However, an additional
set of preliminary simulations were undertaken to investigate the potential for containment monitoring
of the Yalgorup Member in terms of pressure and seismic detectability.
The outcome of the study is a high level evaluation of the potential application of the different
technologies to the SW Hub, based on the available data and models. It includes a proposed monitoring
strategy for CO2 plume tracking and visualisation. Further studies will be required to determine the
detailed requirements of each technology as a complete monitoring strategy will have varying
requirements throughout the lifecycle of a CCS project. The specific monitoring strategy required will
also be dictated by the regulations, which are not in place at this time.

2 Background
The Western Australian Department of Mines and Petroleum (WADMP) is currently performing an
evaluation of geological characteristics within the Harvey Ridge area of the southern Perth Basin for
potential as a commercial site for geological storage of carbon dioxide. The prospective storage site is
presently within the Appraisal phase (and more specifically in the data acquisition and analysis part of
the expanded workflow). The geological storage concept proposes retaining the injected CO2 through a
multi-barrier system including residual trapping and a convoluted migration pathway within a thick
package of strata having relatively low permeability (Stalker et al., 2014). The Storage Complex is
represented by two key formations: the Middle to Late Triassic Lesueur Sandstone and the Early Jurassic
Eneabba Formation (Figure 1). The Lesueur Sandstone can be differentiated into the Yalgorup (Upper
Lesueur) and Wonnerup (Lower Lesueur) members in the south and central Perth Basin. The Wonnerup
Member is the proposed injection target.
The SW Hub has legacy data available from existing hydrocarbon exploration wells near Pinjarra about
40 km north and Lake Preston about 8 km west of Harvey 1; shallow groundwater wells; 2D seismic and
various regional geological studies. The WADMP has undertaken data gathering activities, including
drilling Harvey-1 in 2012, through the Lesueur Formation into the Sabina Formation; a large 3D seismic
survey in 2014 to provide insights in the structure, fault distribution and stratigraphic continuity and
three “shallow” wells, Harvey-2, -3 and -4, in 2015. The three shallow wells were targeted to reduce the
uncertainty associated with the interpretation of the regional geology; assess the lateral continuity of
the storage complex; and provide calibration points for the seismic data.

Figure 1. Conceptual schematic of the subsurface for the SW Hub.

A number of conventional analyses and research studies have been undertaken on the data acquired
through the WADMP program, some of which are still underway. From these, a series of subsurface
geological models were created by Odin Reservoir Consultants Pty Ltd (Odin) to integrate available
information iteratively and provide support for ongoing and future data acquisition and inform the risk
and uncertainty framework.
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3 Geomechanical modelling
Yanhua Zhang, Peter Schaubs

Introduction
Preliminary geomechanical modelling of potential impacts of injecting CO2 at SW Hub was carried out by
Zhang et al. (2015). One of the limitations of this model is reflected in its two and half dimensional
nature, that is, all the faults were made perpendicular to the E-W cross section direction. As such, the
strike orientation of the faults are not realistic and this affects fault geomechanical behaviours and
hence the prediction of fault reactivation under injection conditions.
Recent geophysical and geological work on the SW Hub have led to an update of the 3D geological
model and generated new rock property data. The current geomechanical modelling effort is to provide
an improved assessment of the geomechanical effects of CO2 injection using the updated 3D regional
structures and new rock property data.
The objective of the geomechanical modelling in this project is to calibrate the application of
Interferometric Synthetic Aperture Radar (InSAR) for the SW Hub. There are two components required
to assess the usefulness of InSAR for a CCS project. The first is an understanding of the background rate
of surface movement and the quantification of such. This was addressed independently and presented
in a separate report, Lumley, 2016. The second is an understanding and comparison of how much
surface uplift is predicted as a consequence of the injection of commercial scale volumes of CO2. This
second requirement is addressed through the geomechanical modelling described in this section. Both
of these components were examined independently and the predictions from each compared in Section
7.

Numerical method
A 3D finite difference code, FLAC3D (Fast Lagrangian Analysis of Continua; Cundall and Board, 1988;
Itasca, 2005) has been used in this geomechanical study. The code is capable of simulating the
interactions between deformation and fluid flow in porous media. A 3D numerical mesh consisting of
hexahedral elements has to be constructed to fit the geometries of the geological structures of a
simulation. Each element in the mesh behaves according to prescribed geomechanical and hydraulic
laws in response to the applied boundary conditions. The material can fail /yield and deform plastically
and the mesh deforms and moves with the material. The code has been applied to the fields of
structural geology (e.g. Ord, 1991; Zhang et al., 2008), economic geology (e.g. Sorjonen-Ward et al.,
2002), petroleum geology (e.g. Langhi et al., 2010; Zhang et al., 2009, 2011) and CO2 storage simulation
(e.g. Rutqvist et al. 2010; Zhang et al. 2015).
For the present study, rocks are simulated as Mohr-Coulomb elastic-plastic materials. The necessary
constitutive parameters include shear modulus, bulk modulus, cohesion, tensile strength, friction angle
and dilation angle. Under mechanical loading, the material deforms initially in an elastic manner up to a
yield point and then deforms plastically upon yield. The yield is governed by the Mohr-Coulomb yield
criteria, that is, the occurrence of yield when the maximum shear stress reaches a threshold magnitude.
In addition, tensile failure occurs when the effective minimum principal stress is in tension and
overcomes rock tensile strength. Dilation (positive volume change) can occur in the model with shear
deformation. The dilatant potential of the Mohr-Coulomb material for plastic deformation is
characterized by the dilation angle. FLAC3D adopts the engineering stress-sign convention that defines
compressive stress as negative and tensile stress as positive.

Single phase fluid flow of water is governed by Darcy’s law (Itasca, 2005 and Mandl, 1988) for an
isotropic porous medium and is coupled with geomechanical deformation in the model. Hydrogeological
parameters including fluid density, fluid bulk modulus, porosity and permeability are assigned and pore
fluid pressure is initialized before the simulation commences. Fluid flow velocities are primarily a
function of gradients in pore fluid pressures and variations in permeability.

Model geometry and property
The geometry of the model is shown in Figure 2. The model sizes are 10.8 km (E-W) by 8.5km (N-S) by
~5.3 km (depth). There are five stratigraphic units simulated in the model. They are, from top to bottom,
Leederville, Eneabba, Yalgorup, Wonnerup and Sabina. The Wonnerup unit is the main aquifer horizon
into which CO2 will be injected. It lies between the underlying Sabina unit and the overlying Yalgorup
unit, both of which are much less permeable than the Wonnerup. The Leederville and the Eneabba
(excluding the base of the Eneabba) are two highly-permeable shallower units.
The model contains five faults (Figure 2). The longest regional fault is the NW-striking F10 fault which
cuts through the entire model. Four other smaller faults form a fault cluster sitting in the hanging-wall
block of F10.
It needs to be noted that the architecture above is a simplification of the more detailed fault structures
of the region. This simplification is necessary to achieve a working model. A rather large effort of the
present geomechanical modelling work proved that the attempt to simulate the more detailed structure
led to a 3D numerical mesh that would take tens of years (virtual computing time) to complete one
simulation and hence would be an unrealistic task. However, the simplified model architecture shown in
Figure 2 is a realistic representation of the main structures in the region. The main characteristics of the
detailed structures are maintained including the asymmetric Y-shaped fault clustering and intersecting
relationship in the hanging-wall block of the largest fault, F10. In particular, realistic fault strike and dip
orientations (e.g. fault bends) are maintained, and this is a major improvement from the previous 2.5D
model (Zhang et al. 2015) and is important to the assessment of fault geomechanical stability.
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Figure 2 Model stratigraphic and fault structures. (a) Full model. (b) Part of the model: the Leederville unit is not
shown. (c) Part of model with faults and the Sabina unit only.

The model geomechanical and hydrological properties are given in Table 1. Note that rock density,
permeability and porosity parameters are updated using the recent modelling results of new seismic-

data. Other properties are consistent with those used in Zhang et al. (2015) which are based on the
laboratory experimental work on the drill core samples of the Harvey-1 hole (Delle Piane et al. 2013;
Olierook et al., 2014) supplemented with literature data (e.g. Sarda et al., 1993; Plumb et al., 1994).

Table 1 Model geomechanical and hydrological properties.

The present models simulate a single fluid phase of water for simplicity. As such, the injection of CO2 is
actually simulated by the injection of an equivalent volume of water and we analyse the resultant
pressure distributions and flow gradients. The fluid density of 1000 kg/m3 and fluid bulk modulus of
1×109 Pa (i.e. intermediate between water and CO2 bulk moduli) are adopted for the fluids in the model.

Model boundary conditions and simulation scenario
The stress field of the region is dominated approximately by E-W oriented maximum principal stress
(σhmax) and N-S oriented minimum principal stress (σhmin), with the intermediate principal stress (σv)
being vertical (e.g. Hillis and Reynolds, 2000; Rasouli et al., 2010). This stress pattern is adopted as the
initial stresses of the model, consistent with that used in Zhang et al. (2015). A gravitational stress
gradient is specified for the vertical stresses in the model, which are defined as σv = density × gravity ×
depth.
“Container”-like static mechanical boundary conditions are adopted in the model, with gravity applied.
The top of the model is simulated as a free surface, while the four vertical edges of the models are not
allowed to move in the direction normal to the edges but are free to move in any direction within the
edge planes. The base of the model is not allowed to move in the vertical direction but is free to move in
other directions.
Hydrostatic pore fluid pressure gradients are initialized for the model based on in situ conditions. Pore
pressures on all the model edges are fixed to simulate permeable or open fluid flow boundary
conditions (i.e. allow the exchange of fluids between the internal areas of the model with remote areas
outside of the model in the basin). Pore pressures in the internal regions of the model are allowed to
change freely, in response to the fluid injection.
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CO2 injection is simulated by injecting fluid (water) at a rate equivalent to 800,000 tons CO2/year over 9
injection locations (wells) in the Wonnerup horizon for a period of 20 years, the depth range of which is
-2771 to -3749 m (Figure 3). The locations of the wells are taken from the Odin report. This scenario is
also an improvement from the single location/well injection in the previous 2.5D model (Zhang et al.
2015).

Figure 3 Plots showing three views of distributions of the 9 injection locations (wells) in the Wonnerup horizon
(white cells and purple cells).

Three scenarios for fault strength have been tested (Table 2). As the results show, even weak faults in
the base model do not reactivate under the modelled properties and conditions, and as such the results
of the three scenario models are very similar. Therefore we focus on the results of the base model with
weak faults in this report.

Table 2 Description of three fault-strength scenarios

Fault strength
scenarios

Weak

Intermediate
strength

Strong

2

7

14.1

Cohesion (MPa)

(< weakest rock)

(intermediate)

(= strongest rock)

Friction angle
(degree)

15

15
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Initial Model results
3.5.1 Geomechanical failure state and fault stability
The geomechanical failure states for the weak fault model and the Mohr-circle plot of stresses for a
single location (A) in one of the faults are presented in Figure 4.

Figure 4 Geomechanical failure state of faults (top) and the Mohr-circle plot of stresses for location-A in a fault
near the injection locations (bottom).

Throughout and at the end of the 20 year injection period, there is no geomechanical failure in all of the
rock units. There is also no geomechanical failure in the faults. The stress variation before and after
injection is very small under the modelled injection rate and conditions (Fig. 9). The Mohr circles for pre27

injection stress (green) and injection-impacted stress at the time of 20-year injection (red) almost
overlap. The small shift of Mohr circles due to injection is almost visually undetectable. These results
show that the faults are stable and are not reactivated under the modelled injection rate and conditions.

3.5.2 Deformation
One of the objectives of the geomechanical modelling is to quantify the ground surface vertical uplift in
the area of CO2 injection. Figure 5 shows that ground surface vertical uplift at the end of the 20-year
injection period is very small with a maximum of 0.121 cm. The maximum uplifts (i.e. the 0.1 to 0.121
cm range) are centred in an area where the projected locations of the injection locations (wells) on the
ground surface are clustered.

Figure 5 Plot of vertical displacement at the ground surface 20 years after the start of injection. Black lines show
the projected trace of Fault10 on the ground surface.

3.5.3 Fluid pore pressure changes
Fluid pore pressure changes along the A-B and C-D sections (Figure 6, top image) after the 20year injection period are presented in Figure 6. As expected, the fluid flow field is dominated by
lateral flow in the Wonnerup horizon. Fluid flow is divergent in all directions from the injection
locations (wells) as the result of injection and fluid flow velocities are overall very small.

Figure 6 Fluid flow velocity vectors along the A-B and C-D sections at the 20-year injection time; small circles
show injection locations. The top image (plan view) shows the locations of the A-B and C-D sections.

The pattern of pore pressure changes is dominated by overall pore pressure increase in the model
(Figure 7), with the maximum or high pore pressure increases localized surrounding the injection sites,
from which fluid flow is divergent. Pore pressure increases caused by the injection with a rate of
800,000 tons/year over 9 injection sites are relatively small, less than 0.026 MPa across the injection
horizons of -2771 to -3749 m (Figure 7).
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Figure 7 Pore pressure changes along A-B and C-D cross sections after 20-year injection (see Figure 6 for section
locations). Arrows are fluid flow velocity vectors, showing fluid flow is divergent from the injection sites with
high or maximum pore pressure increases.

Pore pressure variations with time for four monitored locations (Figure 8) show that pore pressure
increases occur immediately from the start of injection and become stabilized within a year.

Figure 8 Pore pressure variations with time. Top image shows the four locations (1, 2, 3 and 4) in the model, at
which pore pressure data are tracked during simulation.

The present model results imply the potential effects of the modelled injection on storage integrity at
SW Hub are likely very minor or negligible, based on the following three considerations.
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1. There is no geomechanical failure in rocks and no fault reactivation. This suggests there should
be no the enhancement of structural porosity and permeability;
2. Geomechanically- stable rocks and faults probably mean that there should be no enhanced
porosity and fracture connectivity;
3. Very small pore pressure increases as well as very small stress changes suggest that any
permeability changes associated with effective stress changes (e.g. Zhang et al. 2016), should be
very minor or negligible.

Model Calibrated to Odin Pressure Change
Only one simplified geological representation was used in the initial set of geomechanical simulations
described in the previous section. One of these simplifications is the homogeneous property distribution
in each stratigraphic layer. Using a constant 100 mD distribution for the Wonnerup, in conjunction with
open aquifer conditions, leads to a very small build-up of pressure and consequently very limited effect
on the faults and at the surface.
While this scenario may well be accurate, it produces a significantly different pressure build-up in
comparison with the Odin simulations. As the Odin model underpins each of the investigations
described in this report, a second series of simulations were undertaken to produce a pressure build-up
more comparable to the Odin base case model.
The Odin reservoir simulation results are based on a more heterogeneous permeability distribution
restricting vertical flow. The new geomechanical simulations incorporated a lower permeability in the
Wonnerup of 50 mD. This is based on two reasons: (1) the Wonnerup is simulated as a thick (~2000m)
homogeneous unit, however, as previously stated it is known to be heterogeneous and its average
permeability may be lower than initially modelled; (2) as described in the introduction, the present
model simulates one phase fluid (water). The experimental study of Levine et al. (2014) suggested that
the relative or effective permeability of a water–CO2 system would be approximately half of the actual
porous rock permeability.
A number of sensitivity analyses of the modelled injection rate were performed to better understand
the relationship between injection rate, maximum pore pressure increase and maximum ground surface
uplift. Using this coupled geomechanical-fluid flow modelling approach, we examined what injection
rate and CO2 volume would be required to produce a pore pressure increase consistent with the Odin
model (i.e. around 500k Pa). The sensitivity analyses included the following scenarios, in combination
with the permeability change stated above:
(1) Original injection rate of 800k tons/year over 9 wells (or ~88.9k tons/year per well);
(2) 3.6 million tons/year over 9 wells (or 400k tons/year per well);
(3) 7.2 million tons/year over 9 wells (or 800k tons/year per well); and
(4) 10 million tons/year over 9 wells (or ~1.1 million tons/year per well).
Each of these simulations were run for a 30-year injection period, as consistent with the Odin models.

3.6.1 Summary of model results
The maximum pore pressure increase and ground surface uplift from the sensitivity analytical

simulations are summarized in Table 3.
Table 3 Summary of the maximum pore pressure increase and ground surface uplift.

Injection rate
(kton/year)
per well

Injection rate
(ton/year)
over 9 wells

~88.9

800, 000 (same

Maximum pore
pressure
increase
(kPa)

Maximum
ground
surface uplift
(cm)

Fault shear
failure state

42.6

0.171

No shear
failure

as
previous models)
400

3.6 million

194

0.822

One numerical
cell only on
one fault

800

7.3 million

389

1.65

Small portions
on two faults

~1100

10 million

542.3

2.297

Small portions
on two faults

The overall pattern of pore pressure changes and ground surface uplift from the four sensitivity-analysis
simulations are similar to those for the model presented in Section 3.5. However, the magnitude of the
maximum pore pressure increase and ground surface uplift change as the result of changes in the
reservoir rock permeability and the injection rate and volume.
For Scenario (1) where the only change is the reduced reservoir rock permeability, the maximum pore
pressure increase and ground surface uplifts only increase marginally, at 4.2k Pa and 0.171 cm,
respectively, in comparison with the magnitudes of 26 kPa and 0.121 cm in the original model with
higher permeability (see Figure 5 and Figure 8).
Adopting injection rates of 400 k and 800 ktons/year per well (rather than 800 ktons/year over 9 wells
as in the original model) led to pore pressure increases at 100s k levels, of the same order of magnitude
as the Odin model. The model with an injection rate of ~1.1 million tons/year per well (or 10 million
tons/year over 9 wells) that produced the maximum pore pressure increase of 542.3k Pa. Even at this
increased rate and volume, the ground surface uplift is still moderate at 2.3 cm, as illustrated in Figure
9.
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Figure 9 Vertical displacement pattern at the ground surface for the model with an injection rate of ~1.1 million
tons/year per well (or 10 million tons/year over 9 wells) at the end of the 30-year injection period.

Examination of the geomechanical failure states of these models indicates that based on the
modelled mechanical properties and conditions, higher injection rates might generate local shear
failure in faults. There is no shear failure in the model with the injection rate of 800k/year over 9
wells (Figure 15a). However, when the injection rate is increased to 3.6 million tons/year over 9
wells, the bulk fault cluster still does not show shear failure except for one small numerical cell
in one fault (Figure 15b) and the faults remain geomechanically stable. When the injection rate
is increased to 7.2 million tons/year over 9 wells (Figure 15c) and 10 million tons/year over 9
wells (Figure 15d), small portions of the longest fault and an adjacent fault show shear failure.
But such local shear failure does not lead to excessive deformation or ground surface uplift as
described above (Table 3 and Figure 9).

Figure 10 Plot of geomechanical failure states of four models with different injection rates (tons/year over 9
wells: (a) 800k; (b) 3.6 million; (c) 7.2 million; and (d) 10.0 million. To show failure patterns in faults, only faults
and the Sabina unit are plotted (there is no shear failure all the host rock units).

Conclusions
•

Pore pressure changes due to injection are dominated by localized high pressures divergent
from the injection sites and fluid flow field is dominated by lateral flow in the Wonnerup horizon

•

Using the initial geomechanical model, at the rate of 800,000 tons per year over 9 injection sites
into the Wonnerup horizon, the pore pressure increases are small, at or less than 0.026 MPa,
which occur immediately from the start of injection and become stabilized within a year.

•

This injection rate does not lead to geomechanical failure in either faults (no reactivation) or
host rocks and predicts very small ground-surface uplift at the end of the 20-year injection
period, less than 0.122 cm.
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•

The geomechanical model calibrated to the Odin model, and a maximum pore pressure increase
of 0.54 MPa, predicts a moderate ground-surface uplift at the end of the 20-year injection
period of 2.3 cm.

Discussion
There are two points that need to be noted in the consideration and use of the present model results.
•

The present geomechanical model is based on the fully coupled geomechanical-fluid flow
modelling approach. But the model only simulates one phase of fluids, water. In contrast, the
Odin model uses a fluid flow model for two phase fluids (water and CO2) without geomechanics.
Two modelling studies reflect two different methodologies and as such, different model
predictions are not surprising.

•

Difference in results from the two different modelling approaches may also partially arise from
the geometrical nature of the two models. The geomechanical model simulates a structure with
a number of different stratigraphic units. Within these rock units, the reservoir unit (Wonnerup)
has a thickness of about 2000m, and is simulated as having a homogenous permeability,
interbedded with other stratigraphic units with different but homogenous permeability. A thick
reservoir unit tends to limit pore pressure increase, versus a case with a thin reservoir horizon.
Our models also use a permeable fluid flow boundary condition allowing fluids to move away
from the system, which is consistent with a natural fluid flow condition in sedimentary basins.

•

For more realistic simulation of a CO2 capture and storage operation in future, a fully coupled
geomechanical-fluid flow modelling method with the two-phase fluids of water and CO2 needs
to be developed. Therefore, the results summarized in this report should be used as a reference
point, rather than being viewed as predictions for a practical monitoring tool.
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4 Pressure Monitoring
Ludovic Ricard, Karsten Michael, Allison Hortle
Pressure monitoring is a fundamental component of the MMV toolkit for CCS projects, for example, the
IEAGHG Monitoring Selection Tool strongly recommends monitoring pressure as part of any CCS project.
Monitoring pressure is standard practice and a mature technology in both the water resources and the
petroleum industries. Both industries have developed tools that can be purchased “off-the-shelf”, are
sensitive and robust and can remain in-situ for many years. These systems can also be very cost-effective,
depending on the level of sophistication required. The application of these tools is dependent on the
monitoring environment they are required to operate in.
Pressure monitoring does not directly measure CO2, rather the changes in fluid pressure as a
consequence of CO2 injection. Pressure changes occur immediately after the initiation of fluid
movement and propagate through the subsurface at a rate relative to the square root of the distance to
the event. The pressure front precedes the CO2 front and can diffuse through vertical baffles that
prevent the vertical migration of CO2. Hence, pressure is an extremely sensitive parameter with which to
monitor changes related to the injection of CO2 both within the injection reservoir, and in monitoring
wells located at some distance away or vertically separated from the reservoir. The main limitation of
pressure monitoring is the lack of directionality and detectability. Directionality can be improved with
multiple sampling locations and detectability can be enhanced through a robust geological model and
calibration of background and noise analysis.
Pressure is measured directly through pressure gauges which can be installed at the well-head and at
intervals downhole at any of injector, monitoring and/or water management well. Dependant on the
gauge location, pressure can be monitored at the reservoir and overlying permeable zones before,
during and after injection. The high accuracy and resolution of pressure gauges combined with high
frequency, multiple pressure measurements can produce a very complete pressure change history
associated with CO2 injection. While relative changes in pressure can be used to detect anomalies,
absolute pressure changes in conjunction with a robust geological model and simulation scenarios can
be used to calibrate the CO2 plume distribution. Throughout this report a 10 kPa detection limit has
been applied. Note that this is an extremely conservative estimate and represents a worst case scenario.

CO2 Injection into the Wonnerup Member: Conformance
Monitoring
Reservoir simulations of commercial CO2 injection (800,000 t/a for 30 years) into the bottom of the
Wonnerup Member under very specific geological and engineering (injection rate, perforation interval,
etc) scenarios have been undertaken by Odin on behalf of WA DMP. The simulations involved nine wells
located on a five spot pattern and performed on Odin’s coarse geological model (250 m x 250 m cells,
11xx layers). The objective of Odin’s simulation study was to provide a suite of full field simulation
models which cover a range of subsurface uncertainties and provide confidence that the CO2 plume
stays below 800 mTVDss and within the storage complex for 1000 years. A reference case, eight
uncertainty scenarios and two stress simulations were performed (Table 4). The modelling studies show
that all of the injected CO2 remains in the Wonnerup and that the main factors controlling CO2 plume
migration are trapped gas saturation and the solubility of CO2 in brine. The homogeneous nature and
the high pore volume of the Wonnerup Member combined with the scenarios considered are consistent
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with the resulting CO2 plume remaining relatively concentrated and limited to the Wonnerup Member.
Uncertainties in end point relative permeability, vertical permeability or the fraction of high energy
facies in the Wonnerup are a second order effect. The study highlights the lack of SCAL data, steady
state trapped gas saturation in particular, and water salinity data from the Harvey area to constrain the
range of results from the simulation studies.

Table 4. List of scenarios tested by Odin

Case Name
Reference_NaCl46

Geological Model

800,000 tpa.
Faults no t sealing Trapping saturatio n=0.19 krg=0.12, krw=0.37
B rine salinity=45600 ppm (NaCl Equivalent)

Reference

800,000 tpa.
Faults no t sealing Trapping saturatio n=0.19 krg=0.12, krw=0.37
B rine salinity=45600 ppm (NaCl Equivalent)

Reference

800,000 tpa.
Faults no t sealing Trapping saturatio n=0.10 krg=0.12, krw=0.37
B rine salinity=45600 ppm (NaCl Equivalent)

1
HighKrg_NaCl46

2
Lo Hyst_NaCl46_800

3
Lo So l_NaCl200

4
Fault_Trans_NaCl46

5
Hikvkh_NaCL46

6

Description

Reference

Reference

800,000 tpa.
Faults no t sealing Trapping saturatio n=0.19 krg=0.22,
krw=0.37
B rine salinity=200000 ppm (NaCl Equivalent)
Reference mo del with fault 800,000 tpa.
transmissibility multiplier o f Trapping saturatio n=0.19 krg=0.12, krw=0.37
0.1
B rine salinity=45600 ppm (NaCl Equivalent)
Vertical and ho rizo ntal
800,000 tpa.
permeability are equal.
Faults no t sealing Trapping saturatio n=0.19 krg=0.12, krw=0.37
B rine salinity=45600 ppm (NaCl Equivalent)

HighP erm_NaCl46

Increased the average
permeability in the
7
Wo nnerup fro m 198 to 372
mD.
Seismic_Facies_7a_N Used Seismic Trend
aCl46
(Deterministic Case) to
po pulate P aleo so ls in the
8
Wo nnerup.
Ho ley Faults_NaCl46 Vertical permeability o f cells
adjacent to faults is
9
increased by 10 times.

800,000 tpa.
Faults no t sealing Trapping saturatio n=0.19 krg=0.12, krw=0.37
B rine salinity=45600 ppm (NaCl Equivalent)
800,000 tpa.
Faults no t sealing Trapping saturatio n=0.19 krg=0.12, krw=0.37
B rine salinity=45600 ppm (NaCl Equivalent)
800,000 tpa.
Faults no t sealing Trapping saturatio n=0.19 krg=0.12, krw=0.37
B rine salinity=45600 ppm (NaCl Equivalent)

S t re s s S c e na rio s
HighRate

Reference

10
Lo wSo l_Lo Hyst_NaCl Reference
200

11

3 millio n tpa. Faults no t sealing
Trapping saturatio n=0.19 krg=0.12, krw=0.37
B rine salinity=45600 ppm (NaCl Equivalent)
800,000 tpa.
Faults no t sealing Trapping saturatio n=0.10 krg=0.22,
krw=0.37
B rine salinity=200000 ppm (NaCl Equivalent)

4.1.1 Regional Pressure Differential
The reference case simulations supplied by Odin were used to investigate pressure differences
associated with the resultant CO2 plume. Figure 11a and Figure 12a show a plan view of the plume
development at the injection level in the Wonnerup after 10 years and 30 years of injection,
respectively. Figure 11b and Figure 12b is the corresponding cross-section showing the distribution of
the pressure difference between the initial hydrostatic pressure and the pressure for the Wonnerup
Member and the first sandstone unit at the base of the Yalgorup. It can be seen from Figure 11b and
Figure 12b that although the top of the CO2 plume remains at 620 m below the top of the Wonnerup,
the pressure difference at the same time does extend through the Wonnerup and into the Yalgorup with
a lithologically controlled pressure drop across the interface.
Figure 13 shows the distribution of the pressure difference at the injection level in the Wonnerup after
10 years and 30 years and the corresponding pressure difference in the Yalgorup at the same times. The
maximum pressure increase in the Wonnerup after 10 years is approximately 380 kPa and concentrated
around the injectors in the areas of the individual CO2 plumes (Figure 13a). This increases to slightly less
than 500 kPa at the end of injection at which time a much larger area in the Wonnerup will experience
pressure increases above 100 kPa (Figure 13b). In contrast, pressure increase in the bases of the
Yalgorup after 10 years is limited to approximately 60 kPa in the area overlying the injection wells
(Figure 13c). Towards the southwest, beyond Harvey 1 and Harvey 3, the modelled pressure increase
would be less than 20 kPa. At the end of injection, maximum pressure increase in the Yalgorup locally
reaches 120 kPa, but overpressures in access of 70 kPa are predicted for most of the model area except
for the south west corner (Figure 13d).
Assuming an observable pressure threshold of 10 kPa, measuring the impact of CO2 injection in wells
above the basal paleosols in the Yalgorup appears to be feasible. However, locating the plume
boundaries from these measurements would be difficult given the diffused nature of pressure
observations in the Yalgorup.
The distribution of the pressure differential in Figure 13 suggests that the configuration of a series of
monitoring wells may be important. The pressure differential decreases with distance from the injection
wells. Two intersecting lines of monitoring wells at right angles across the predicted pressure
distribution may be sufficient to demonstrate conformance.
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Figure 11. Simulation outputs at 10 years after start of injection; (a) plan view of scCO2 saturation fraction above
0.01 (1%) at injection points HI1-9; (top Sabina Sandstone in greyscale); (b) cross-section through HI-3 and HI-8,
pressure difference distribution in kPa, location shown in as red line in (a)

(a)

(b)
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F15

F7b

F11

F10

F4hj

Figure 12 Simulation outputs 30 years after start of injection; (a) plan view of scCO2 saturation fraction above
0.01 (1%) at injection points HI1-9; (top Sabina Sandstone in greyscale); (b) cross-section through HI-3 and HI-8,
pressure difference distribution in kPa, location shown in as red line in (a)
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a)

b)

c)

d)

Figure 13. Pressure increase (in KPa) due to injection after 10 years and 30 years in the Wonnerup (injection
level, a) and b) respectively) and c) and d), respectively in the Yalgorup. Note that the colour scheme is capped
at 100 kPa whereas maximum overpressures in CO2 saturated areas in the Wonnerup reach 380 kPa and 470 kPa
after 10 and 30 years, respectively.

Examining the predicted pressure differential with depth at selected well locations during and
post-injection, provides an indication of the timeframe at which pressure monitoring may
provide useful data for conformance monitoring at particular wells and at which intervals
pressure changes may be observed (Figure 14). The previously discussed pressure change
across the boundary between the Wonnerup and the Yalgorup is observed in each of the
injection wells and in Harvey-1, -3 and -4.
Figure 14 assumes a multi-level completion Generally, pressure increases of more than 120 kPa
are associated with CO2-saturated regions in the injection intervals, which are clearly seen as
spikes of up to 480 kPa during the injection phase (Figure 14a). In reality, monitoring the
pressure in the injection interval and correlation with injection rate and volume will provide
invaluable information with which to calibrate the dynamic simulation model and ensure
conformance.
Above the injection interval in each well, the overpressures gradually decrease towards the
Wonnerup-Yalgorup boundary (between 1500 and 2000 m), the low permeability of the
paleosols at the base of the Yalgorup resulting in a distinct drop of overpressures in all of the
wells, including Harvey 1,3 and 4. After 10 years of injection overpressures of up to 50 kPa are
observed in the lower part of the Yalgorup in all the wells (Figure 14a).
After 1000 years the vertical distribution of overpressure is very similar in all wells and largely
remains at around 50 kPa (Figure 14d). This is somewhat surprising as it would be expected that
overpressures return to pre-injection conditions after 1000 years, particularly in the Yalgorup
Member. One explanation would be that it is related to the setup of the Odin simulations.
Initial conditions at the start of simulations may not have been properly equilibrated and/or a
combination of no-flow boundary conditions at the base and inadequate aquifer boundaries on
the model sides result in a relatively low total pore volume not allowing sufficient pressure
equilibration. The Odin simulations also do not include capillary pressure.
Figure 15 shows the evolution of the predicted change in pressure for the reference case in one
of the injection wells, HI-4. Assuming a 10 kPa detection limit, the overpressure as a result of
injection are observed at the base of the Yalgorup within one year of injection commencing.
The pressure continues to increase through the injection lifetime then declines once injection
ceases. These results make conformance monitoring at the base of the Yalgorup a viable option
throughout the life of the project. Note that the 10 kPa detection limit is extremely
conservative and the overpressure at the base of the Yalgorup may be detectible earlier.
The modelling also shows that, as expected, pressure changes in the injection interval occur
immediately after injection begins. Monitoring pressure at this interval will provide valuable
data with which to calibrate the reservoir simulations predicting the plume behaviour. The
pressures in the injection zone may fluctuate depending on the injection rate, injectivity and
migration of CO2 away from the well. In contrast to the above-zone intervals in which maximum
overpressures occur at the end of injection, the maximum pressure in the injection interval is
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reached after 2-3 years in the CO2-saturated zones. After that, outward and vertical migration
of CO2 results in an expansion of the CO2 plume concurrent with a decrease in overpressures.

(a)

(b)

Figure 14. Pressure change in response to CO2 injection for well locations after a) 10 years of injection and b)
1000 years post-injection. See Figure 13 for well locations (red: injection wells, blue: Harvey 1,3 and 4).

(a)

(b)

10 kPa

Figure 15. Evolution of predicted overpressures over time since injection (years); (a) HI-4, (b) close-up of HI-4,
with 10 kPa limit shown as grey vertical line. Black horizontal line depicts the base of the Yalgorup Member, red
horizontal lines delineate the completion interval for HI-4. Dashed lines indicate pressure decline once injection
ceases at 30 years.
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4.1.2 Well Based Pressure Differential
The differences in the output of the model scenarios reflect the uncertainty in the input parameters and
represent a range of possible responses to the injection of CO2. A series of simulations were run to
investigate whether the sensitivity of the pressure responses to the different model scenarios was
sufficient to differentiate between the scenarios and therefore be used to calibrate the model and
reduce the uncertainties (Table 4). Note that Case 10 realisation (blue line) in these figures shows the
pressure change in response to 3 million tonnes per year as opposed to the 800 thousand tonnes per
year in all the other cases.
Figure 16 shows the pressure response for a selection of model scenarios at HI-6 at six months and one
year after injection commences. The greatest changes in pressure in the Yalgorup is at the base and
after only 6 months of injection the increase in pressure exceeds the 10 kPa limit for all cases but Case 7
(increased permeability in the Wonnerup). Within a year of injection, the overpressure exceeds the
limit of detectability for all cases. However, apart from the high-injection case (Case 10) only the
pressure response for Case 7 is clearly distinguishable from the other cases. The results of the modelling
show that a monitoring well completed at the base of the Yalgorup in this vicinity may have application
as a monitoring well as it is able to detect changes in pressure relatively early. In theory, observation of
the pressure evolution may also be useful to help differentiate between some, extreme scenarios. This is
however, highly dependent on the robustness of the model and the ability to accurately calibrate the
signal to noise of the pressure response
On the other hand, pressure responses in the injection interval are relatively sensitive to changes in
model parameters. For example, if there were low-permeability paleosols in the lower Wonnerup (Case
8), vertical migration of the injected CO2 would be limited and the CO2 would be largely constrained to
the injection interval, resulting in relatively high overpressures up to 700 kPa (Figure 16). These
overpressure would be in the same order of magnitude as those resulting from 3 Mt/year injection in
the reference model. Clearly even in the early stages of injection (Figure 16a), pressure changes in the
injection interval differ significantly for various model configurations and monitoring pressure at the
reservoir level will be important to confirm whether the distribution and migration of CO2 behaves as
predicted to calibrate the model.
Pressure observations in monitoring wells at a distance from any of the injection wells become more
difficult to interpret. As shown in Figure 13 the overpressure generated for example at Harvey-4 in the
Yalgorup is very low, even after 10 years. Again, if a limit of detectability of 10 kPa is applied none of the
modelling scenarios produce a detectible change in either formation after 1 year (Figure 17a). After five
years a monitoring zone in the upper Wonnerup may be applied to differentiate model scenarios (Figure
17b). However, this is not likely to be useful at this time as the regulators and project proponents would
require confirmation of plume behaviour prior to five years of injection. Figure 17 demonstrates the
importance of the iterative process of scenario modelling and locating monitoring wells. In these
scenarios Harvey-4 has limited application as a monitoring well.
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a)

b)

Figure 16. Pressure change at HI6 for selected simulation scenarios after a) 6 months and b) 1 year of injection.
See Table 4 for scenario numbers. The black line depicts the base of the Yalgorup.
a)

b)

Figure 17. Pressure change at Harvey 4 for selected simulation scenarios after a) 1 year and b) 5 years. See Table
4 for scenario numbers. The red horizontal line delineates the top of the Lesueur, the black line depicts the base
of the Yalgorup, the grey vertical line depicts the 10 kPa detection limit.
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The results of these simulation suggest that generally, the modelled baffles at the bottom of the
Yalgorup act as a pressure bottleneck, reducing the pressure difference significantly, but still
transmitting sufficient pressure to be detectible using standard off-the-shelf pressure gauges. Although
all of the eight commercial scale injection scenarios performed by Odin at the bottom of the Wonnerup
Member contained the plume well within the Wonnerup, simulation results predict that the pressure
difference is not contained within the Wonnerup and up to 80 kPa overpressure can be detected in the
Yalgorup Member. During injection the pressure in the Yalgorup would be expected to increase and to
stabilise post-injection at rates predicted by the model. In theory, any deviations from this rate would
require a re-calibration of the model in terms of pressure connectivity or an unpredicted change in
plume properties. In practise, the geological uncertainty bounding the pressure response and nonuniqueness of model calibration may make it difficult to specify the cause of any deviation from the
predicted response; i.e. multiple geological scenarios may match the same observed pressure changes.
Using above-zone pressure monitoring for leakage detection does not seem practical because for the
relatively small amount of overpressure in the Yalgorup, it would be difficult to distinguish the impact of
a small CO2 leak from other geological and operational parameters controlling the pressure response.
Nevertheless, pressure monitoring would be invaluable for continuous model calibration, particularly
pressure gauges in the injectors at and in the vicinity of the completion interval, for better constraining
model parameters and thereby increasing confidence in model predictions.

Seepage from the upper Wonnerup Member into the Yalgorup
Member: Containment Monitoring
None of the simulation scenarios investigated by Odin showed the CO2 plume reaching the Yalgorup
Member. However, the Yalgorup Member is part of the storage complex and as part of evaluating an
appropriate monitoring strategy, some understanding of the detectability, however unlikely, of CO2
reaching and migrating into the Yalgorup Member is required. A set of simulations has been undertaken
to evaluate appropriate monitoring techniques for the Yalgorup Member.
The Yalgorup Member is relatively heterogeneous with interbedded paleosols and sand units; by
comparison, the Wonnerup Member is relatively homogeneous. Due to the interbedded and
heterogeneous nature of the Yalgorup, different CO2 plume characteristics in the Yalgorup and in the
Wonnerup are expected. These plume characteristics may be due to different time-lapse
hydrodynamics, geophysical and geomechanical responses, and hence may impact the viability and
evaluation of the monitoring techniques appropriate for the SW Hub.
The simulations were undertaken using the Tough2 and the ROXAR suite (RMS, Tempest-View and
Tempest-MORE), and SINTEF for the Matlab Reservoir Simulation Toolbox (MRST) was used for pre and
post-processing of the simulation results. For this project the faults are considered as horizontally
transmissive, the hydrodynamics of faults and vertical migration along faults is the focus of another
ANLEC project (7-1215-0261).
The simulations undertaken by Odin considered commercial injection in the deeper part of the
Wonnerup. In these scenarios, for CO2 to reach and enter the Yalgorup Member, it is most likely
buoyancy will be the main driving force and faults the most likely migration path. Therefore, the
migration of CO2 from the Wonnerup Member into the Yalgorup Member is of particular interest at
faults where permeable units of the Wonnerup Member are adjacent to sandy units in the Yalgorup
Member, i.e. sand-on-sand juxtaposition across a fault. A series of simulations were undertaken to
model the pressure and scCO2 of CO2 entering the Yalgorup Member via faults at very low rates,
analogous to buoyancy rather than injection driven flow.

4.2.1 Model Set-up
The model was examined to identify areas where Wonnerup sand was juxtaposed to a Yalgorup sand
across a fault. The area of investigation is bounded on the west by the Harvey 1 and Harvey 3 wells and
on the east by the F10 fault. The northern boundary is the Harvey 1 well, while the southern boundary is
the Harvey 4 well. Four west-east cross- sections were selected (Figure 18). Figure 18 also shows the
location of the nine virtual injection wells with existing drilled wells (Harvey-1, -2, -3 and -4).
The four cross-sections are:

•
•
•
•

HI-3 – HI-8, Figure 19
HI-2 – HI6, Figure 20
Harvey 1 – HI-9, Figure 21
HI- 7 – Harvey 2, Figure 22

These cross-sections show different examples of juxtaposition of high permeable units from the
Wonnerup Member with sandy and permeable units of the Yalgorup Member. In some cases such as in
the HI-3 HI-8 cross-section, the juxtaposition bypasses the low permeable units at the very bottom of
the Yalgorup Member (Figure 19). The frequency of these intersections, as highlighted by the cross51

sections, demonstrate the risks associated with CO2 migration along a fault into a more permeable unit,
even if the base of the Yalgorup is sealing.
The HI-3 HI-8 cross-section has a 150m vertical offset across the F7b fault. The Odin fine geological
model was cropped around this intersection to produce an area of interest (AOI) of 3.3 x3.3 km and 300
m vertically at Odin’s resolution of 25x25 m laterally (Figure 23). A series of simulations of scCO2
migration from the Wonnerup Member into the Yalgorup Member via this fault were undertaken.

Figure 18. Area of investigation with real and virtual wells shown at the top Wonnerup horizon, cross-sections of
interest for Yalgorup simulations also shown. The black polygon shows the simulation area of interest. The x and
y axes are in UTM coordinates (m).
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Figure 19. HI-3 HI-8 cross-sections. Top, permeability distribution. Bottom, Porosity distribution.
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F7

F15
F7b

F4hj

Figure 20. HI-2-HI6 cross-section with porosity distribution.

Top Yalgorup

F16

F7
F3

Figure 21. Harvey-1-HI9 cross-section with porosity distribution.

F7b

F10

F15

F4hj

Figure 22. HI-7-Harvey-2 cross-section with porosity distribution and faults.
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Figure 23. Plan view of the top Wonnerup Member horizon with existing and commercial scale virtual wells as
well as leakage virtual wells (Injector, Monitor 1, Monitor 2 and Monitor 3), model outline (red polygon) and
cross-sections from north to south shown in Figure 24 to Figure 27.

Figure 24 shows the distribution of the lithofacies along the northern most cross-section through
Monitor 2. Figure 25 shows the distribution of the lithofacies along the middle cross-section through the
injection well. Figure 26 shows the porosity distribution along the same cross-section showing the
juxtaposition of high porosity units across the F7b fault. Figure 27 shows the distribution of the
lithofacies through the cross-section at the monitoring wells, Monitor 1 and Monitor 3 and the injection
well. In each of these cross-sections, the bottom of the Yalgorup Member exhibits a thick package of
paleosols.

Figure 24. Facies distribution along a West-East cross-section intersecting the Monitor 2 well. The monitoring
zone is shown in red.

Figure 25. Facies distribution along a West-East cross-section intersecting the Injector well. The injection zone is
shown in red.

57

Figure 26. Porosity distribution along a West-East cross-section intersecting the Injector well. The injection zone
is shown in red.

Figure 27. Facies distribution along a West-East cross-section intersecting the Monitor 1 and 3 wells. The
monitoring zone is shown in red.

Several different seepage scenarios were simulated, two of which are discussed here. The first scenario
introduced 100,000 tons of CO2 into the top of the Wonnerup on the eastern side of the fault. For
modelling purposes, this mass of CO2 is introduced via a single injection well over 110 days (909

tonnes/day; 2164 m3/day). This scenario is closer to the pressures generated from a typical injection
scenario.
The second seepage scenario introduced 10,000 tons of CO2 into the top of the Wonnerup on the
eastern side of the fault over (a) 110 days (90 tonnes/day; 214 m3/day) and (b) 330 days (30 tonnes/day;
71 m3/day). This simulation is intended to represent more of a “seepage” scenario, where the CO2 is
introduced and migrates according to buoyancy rather than injection pressures.
All other parameters were as per the Odin simulations with the exception of the addition of capillary
pressure for the Yalgorup Member, using a value representative of the range of values published in the
literature (ff ). This value still represents considerable uncertainty in the model, but the impact
highlights the importance of the capillary pressure to the plume distribution.
Three monitoring wells were included in the model to investigate the distribution of any changes in
pressure associated with the introduction of CO2. These were located close to the injection site and
completed in the Yalgorup Member above the unit of ingress (Figure 24 and Figure 27).
Table 5 Locations of monitoring wells, M1-M3

Well

Distance & direction from Injection Well

Depth of Monitoring Interval (m)

M1

500m W

1535

M2

550m W

1605

M3

390m NE

1560

The degree of compartmentalization of the Yalgorup and Wonnerup members is unknown as an
extended well test is yet to be performed. As highlight]d in Michael et al. (2017), the aquifer support
plays a key role for the pressure distribution following injection. Therefore the uncertainty in the aquifer
size and compartmentalization is likely to impact strongly the potential of using pressure for above zone
monitoring. To date, the previous simulations have considered a very well connected aquifer with a low
level of compartmentalization and this assumption is applied in these simulations.
Due to the uncertainty of aquifer support and its potential impact on pressure distribution and
amplitude, three scenarios of aquifer support were implemented as boundary conditions:
–

Case 1: 2,500 m lateral extension,

–

Case 2: 5,000 m lateral extension,

–

Case 3: 10,000 m lateral extension.

Case 3 is the most comparable to the Odin modelling which assumes an infinite aquifer. Case 1
represents an aquifer 6 x 6 km, a relatively small aquifer and implying a high degree of
compartmentalisation.

4.2.2 Pressure Differential
The importance of the injection rate and the influence of pressure driven flow versus gravity driven flow
is illustrated in Figure 28 using the 100,000 tonnes scenario. Figure 28 (a) shows the distribution of the
CO2 plume after one year of injection at 909 tonnes/day at the top of the Wonnerup. The plume crosses
the fault and follows the geometry of the paleosol facies and low permeability bodies first. Then, it
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migrates upward across the paleosol units where the capillary entry pressure is exceeded next to the
fault as a consequence of the pressure induced by the injection rate. The resultant plume has a narrow,
mostly vertical distribution. In contrast, in Figure 28 (b) the same volume of CO2 (100,000 tonnes) is
introduced at a much slower rate over a longer period of time. In this case, the capillary entry pressure
of the paleosol facies is never exceeded and the CO2 migrates below the paleosol layers according to the
local paleosol geometry. This results in a much thinner, horizontal plume with a much lower saturation.
This behaviour is largely unaffected by the degree of aquifer support.

(a)

(b)

Figure 28. (a) scCO2 saturation after 1 year at 909 tonnes/day; (b) CO2 saturation after 10 years 90 tonnes/day.
Horizontal scale is adapted to the time scale and the flow rate difference.

The influence of the injection rate is further investigated using a much lower injection rate of 90
tonnes/day for 110 days (total volume 10,000 tonnes) and examining the impacts at the three
monitoring wells shown in Figure 23. These wells are located at some distance from the injection point
and monitored in the Yalgorup Member (Table 5).Figure 29 shows the difference in pressure at the
Injector after 182 days (6 months) and 1461 days (4 years) for the 2,500 m aquifer (Case 1). From the
facies cross sections on the right hand side of Figure 29 it can be seen that the baffles at the bottom of
the Yalgorup Member delay and reduce the pressure propagation into the Yalgorup Member on the
Eastern side of the fault.
Figure 30 (a), (c) and (e) show the impact of increasing aquifer size on each monitoring well. For each
well, regardless of distance from the injector and depth of monitoring, the larger the aquifer (i.e. the

larger the compartment) the smaller the change in pressure observed. Nevertheless, M1 and M2 exceed
the 10 kPa detection limit very quickly and remain above this threshold. For Case 3 (10,000 m) at M3 the
detection threshold is approached but not exceeded.
However, as can be seen from Figure 30 (b), (d) and (f) the pressure change observed at M1 and M2 is
very similar, regardless of the aquifer size. M3 exhibits a slightly different result, most likely related to its
position relative to the injection point. This implies that under this scenario, although pressure changes
due to ingress of CO2 into the Yalgorup may be detected, the location of the point of ingress would be
difficult to triangulate, given the similarity of the pressure response in M1 and M2. Note, the use of 10
kPa as the limit of detectability is extremely conservative, however can be considered as a worst case
scenario.
Although the injection rate for each of these scenarios is reduced to 90 tonnes/day, this is likely still too
high to accurately represent seepage rates or buoyancy driven flow. This is suggested by the rapid
increase in pressure shown in Figure 30 associated with the beginning of injection as opposed to a
gradual build-up of pressure due to seepage. In addition, the distribution of the pressures seen in each
monitoring well in the examples discussed here are controlled by the size of the aquifer, which is a
function of the heterogeneity present in the Yalgorup.
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Figure 29. Distribution of pressure difference (kPa) along the West-East cross-section intersecting the Injector
during injection (top) and during post-injection (bottom). A scaled version of the facies distribution across the
cross-section is included for reference.
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Figure 30. Pressure difference in kPa at the monitoring wells for injection of 10,000 tonnes over 110 days for each
of the monitoring wells, M1-M3, with different aquifer support C1=2,500; C2=5,000 and C3=10,000 (a) M1; C1-C3;
(c) M2; C1-C3; and (e) M3; C1-C3; (b) C1, M1-M3; (d) C2, M1-M3; (f) C3, M1-M3. Limit of detectability set at 10kPa.
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Discussion and Pressure monitoring strategy for SW Hub
The preliminary conclusions from these simulations suggest that pressure may have some application
for both conformance and containment monitoring. However, these results are based on the current
geological model and reservoir simulations and hence constrained by the assumptions contained in that
model.
To address conformance monitoring we have investigated the Odin simulations where the CO2 plume is
contained in the Wonnerup and determined that the pressure signal can be detected in the Yalgorup
across the modelled area, above the limit of detectability, as defined in this project (10 kPa). As with any
injection project, monitoring the pressure at or near the injection intervals will also provide important
data with which to calibrate the models.
To address containment monitoring we have undertaken some preliminary simulations of the change in
pressure associated with injection at low flow rates into the top of the Wonnerup and the movement of
CO2 into the Yalgorup across a fault. As the Odin simulations predict the CO2 to be entirely contained
within the Wonnerup, it is considered that any CO2 arriving at the fault would be predominantly driven
by buoyancy, rather than by injection pressures. The results demonstrate that at the injection flow rates
used in these simulations there is a detectible change in pressure at the monitoring wells in the
Yalgorup. Unfortunately, the flow rates used were still too high and the movement of CO2 is still driven
by injection, declining over time, rather than through buoyancy driven flow or seepage. If the
simulations were undertaken at even lower flow rates, the observed changes in pressure would reduce
further.
Nevertheless, one of the outcomes of these sets of simulations is the observation that both sets of
simulations, either injection in the Wonnerup, or seepage into the Yalgorup via faults, produce changes
in pressure at the base of the Yalgorup. This makes monitoring pressure changes at the base of the
Yalgorup a viable and important option for monitoring, however, it makes attributing any observed
changes more difficult. This uncertainty may be reduced by having sufficient wells carefully located at
strategic positions to maximise the uniqueness of the combined pressure responses. A robust geological
model and a comprehensive set of simulations addressing the associated uncertainties will also be
essential. Consequently, these results are indicative only and are highly dependent on the following:
o

capillary entry pressure influence is significant and controls the shape and distribution
of the plume in the Wonnerup and in the Yalgorup;

o

compartmentalisation is significant and the detectible pressure change is dependent on
the size of the compartment and its relationship to the point of ingress;

o

monitoring well location and measurement depth is important, particularly in
heterogeneous formations.

A summary of the key variables around the practical installation of a pressure monitoring system are
described in Table 6. Downhole pressure gauges are deployed as standard, well-based instrumentation
in both the groundwater and oil and gas industries. Gauges may be installed outside the casing or in the
annulus with perforations through the casing and cement to enable pressure communication between
the formation and the well. Packers are used to isolate the perforated interval to the rest of the well. As
part of an intelligent well completion, multi-stage pressure sampling intervals can be implemented.
However, the completion should be carefully designed as increasing the monitoring stations increases
the complexity, the cost and also the risk of failure. A typical system involves a small surface footprint

for data acquisition, processing and storage. The quality of the well completion and cementing is critical
for the interpretation of the measurements.
Modern pressure gauges have a high degree of accuracy (<10 Pa) and longevity and can acquire data
over a long period of time with the data sent and stored at the surface. The measured pressure will be
affected by other site specific background noise, including gauge drift, nearby well operations and earth
tide signals. The data will need to be corrected for these, for example, earth tides are cyclic and
predictable. The signal to noise ratio can be improved if barometric and rainfall data are used to
calibrate the measured pressure response. Although the limits of detectability for changes in pressure
are site specific, a rule of thumb is considered to be of the order of 1 to 10kPa (10 cm to 1 m of
equivalent water head). As with any CCS site the acquisition of a robust, well calibrated baseline,
accounting for more than a single year of recording non-CCS related pressure variations is important to
establish the natural range of the background signal against which the CCS related signal will be
compared.
Pressure data interpretation is a mature field however, some specific applications of pressure
monitoring are still considered research and development. For example, Paterson et al., 2016
investigated the use of pressure monitoring for injectivity, conformance and containment of a CO2
plume using pressure measurements at a single well where injection and monitoring occurs. The use of
pressure tomography for the detection of scCO2 plume and leakage is starting to emerge (Hu et al,
2016). However, it is still fundamental research.
Injection and/or production of large volumes of fluid (CO2 injection or water production) create large
pressure changes that can be easily detected and are applicable for conformance monitoring. However,
smaller fluctuations are more difficult to detect against the background signal and natural fluctuations.
This is more likely to be the case for containment monitoring. A large scale loss of containment will
produce a pressure signal that is easily detectible across a large area. However, small scale losses
associated with diffusion or through buoyancy will produce a much smaller, localised signal and hence
are much less detectible. Key challenges yet under research are the detectability of small changes and
using pressure for imaging the plume. Both issues rely on advances on data interpretation and signal to
noise enhancement.
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Table 6 Summary of key pressure monitoring parameters for the SW Hub project
Monitoring
technique

Pressure
monitoring in
injection zone

Parameter Description of
Detected Detection

Pressure

Pressure
monitoring in
As above
permeable zone
above reservoir

Detection
Limit

Measuring changes in
pressure and/or
temperature
associated with the
1 kPa
injection and
movement of CO2, not
CO2 directly

As above

As Above

Spatial Resolution

Temporal
Resolution

Dependant on
location; detection
footprint is small,
Real-time
pressure declines
measurements
rapidly with distance related to
from source;
injection
therefore resolution is
poor;

As Above; multiple
boreholes required
for directionality

Equipment
Required

Relative Cost:
Initial

Relative Cost:
Ongoing

Medium; OTS,
Borehole,
individual sensors
Downhole
are inexpensive; Low, sensors are
pressure gauges,
requires a
robust and long
installation behind
borehole and
lived
casing or through
modelling to
casing for injector
calibrate data

Dependant on
the rate of
diffusion; low
Borehole,
rate of change
downhole
associated with
pressure gauge
diffusion may
not produce a
signal

Low; Low,
sensors are
Medium; OTS,
robust and long
individual sensors
lived; changes in
are inexpensive;
pressure can be
requires a
directly
borehole and
detected with
modelling to
minimum
identify locations
expertise;
and completion
remote
interval and a
telemetry
model to
requiring
calibrate data
minimum
manpower

Technical
Expertise

Lowest Practical
Requirement

Risks

Medium,
changes in
borehole
pressure can be
penetrating
easily seen;
storage interval,
attributing
multiple
changes requires
boreholes
more expertise,
required for
including
directionality
modelling,
history matching

Gauge failure,
downhole installation
difficult to replace;
behind casing is not
replaceable.

Medium,
Above zone
changes in
monitoring or
pressure can be
borehole
easily seen;
penetrating
attributing
permeable
changes requires
interval;
more expertise,

Location relative to
plume, risk of locating
borehole in the wrong
place and missing the
signal, false assurance;
pressure declines
rapidly with increasing
distance from source
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5 Time-lapse seismic monitoring
Stanislav Glubokovskikh, Andrej Bona, Roman Pevzner, Anton Egorov, Mahyar Madadi

Summary
This section presents the feasibility study of seismic monitoring for the SW Hub. The project assesses
seismic detectability of the injection of super-critical CO2 and develops a general approach to the
monitoring. This study continues the research carried out in the previous project - ANLEC R&D Project 30510-0030 - but uses the most recent static and dynamic geomodels. The general approach to the
assessment of monitorability consists of generation of synthetic seismic datasets for subsurface models
reflecting various hypotheses about the subsurface seismic properties, shapes and sizes of the CO2
plume, etc. The synthetic data are then analysed from the perspective of testing potential monitoring
strategies.
Input information for the analysis consists of:
1. Odin (2016a,b) – the reports by Reservoir Consultants for Department of Mines and Petroleum
on static and dynamic modelling of the Harvey Area
2. Geophysical data analysis performed in ANLEC R&D Project 7-0115-0241.
3. Schlumberger (2013) report on subsurface modelling update for the SW Hub project
4. Results of the previous monitorability study for the SW Hub - ANLEC R&D Project 3-0510-0030.
5. Dynamic simulations carried out for the current project and described in section 3 ‘Pressure
monitoring’.
The models by Odin Reservoir Consultants accounted for uncertainty in our knowledge about the SW
Hub subsurface by generating a set of models relevant for fluid flow ‘what if scenarios’. Herein, we
investigate how the indicated subsurface models and their uncertainty propagates into the feasibility of
different methods for conformance monitoring for the SW Hub project:
1. Determining the worst-, best- and reference-case injection models for the purposes of the
seismic monitoring among the injection scenarios;
2. Rock physics modelling and upscaling to convert static geological models into the seismic
models;
3. Developing the fluid substitution workflow to estimate elastic-moduli change due to the
injection of supercritical CO2;
4. Seismic simulations to estimate time-lapse seismic response due to the CO2 injection;
5. Processing and inversion of the synthetic data computed for the examined monitoring
strategies;
6. Conceptual design of a conformance monitoring programme for the actual injection and storage
operations.
The main learnings of the seismic monitorability analysis following the above steps are:
1. A major issue for seismic model building arises from the fact that the facies interpretation in the
Harvey wells ignores the seismic logs (P- and S-wave velocities and density). The interpreted
facies thicknesses are greater than the seismic log resolution. Hence the seismic properties for

2.

3.
4.

5.

6.

7.

various facies overlap. We established a robust rock physics modelling workflow based on
adaptive logs averaging and correlation analysis which mitigated this issue.
The magnitude of the seismic effects caused by the injection is unlikely to exceed ~1% due to
high stiffness of mineral matrix and small porosity. Uncertainties in the predicted effect remains
because of the lack of log measurements in the Wonnerup Member and the poor quality of the
well log readings within the Yalgorup Member.
The predicted seismic contrasts due to the injection would require high repeatability and dense
coverage from conventional surface-based time-lapse seismic monitoring.
The synthetic seismic wavefield resembles the one recorded in the field. There is a significant
amount of scattering from meso-scale seismic heterogeneities in the overburden. This scattering
contributes to challenges in the seismic processing and interpretation.
Kinematic parameters of the seismic records may be more efficient for the time-lapse seismic
monitoring of the injection. The fluid flow simulations predict that the buoyancy-driven plumes
have significant thickness to allow for the robust detection of the time shifts.
The feasibility study proves high efficiency of a surface-to-borehole monitoring systems. Results
of the full-waveform inversion of the synthetic seismic dataset show that such a system will
allow for the quantitative characterisation of the injected supercritical CO2.
We developed a concept of the seismic monitoring program, which combines 4D surface and
surface-to-borehole systems. Based on the synthetics, we estimate the temporal and spatial
resolution for the system along with the detectability limits.

Notations and Definitions
•

GPa – gigapascals;

•

NG – net-to-gross;

•

PSTM – pre-stack time migration;

•

QI – quantitative interpretation (the use of amplitude analysis, to predict lithology and fluid
content away from the well bore);

•

QC – quality control;

•

VP – P-wave velocity (compressional);

•

VS – S-wave velocity (shear);

•

ZP – acoustic impedance;

•

ρ - bulk density;

•

φT – total porosity;

•

κV, κH – vertical and horizontal permeability.

Introduction
The SW Hub project has been going through detailed site characterisation and geomodelling. This
activity investigates the possibility of CO2 storage at the site along with testing potential design of the
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injection and monitoring facilities. The most adopted approach to the problem (Doyen, 2007) consists of
the following successive steps:
I.
II.
III.

dynamic modelling – fluid flow simulations of CO2 distribution within the static models caused
by various injection scenarios;
static modelling –generation of 3D distribution of petrophysical properties, relevant to the
sequestration of the CO2;
geophysical feasibility study - given the modelled CO2 plumes and petrophysics, together with
analysis of previous field surveys over the studied area, generation and analyses of the synthetic
geophysical datasets to establish a suitable monitoring and verification strategy.

In 2015, The Department of Mines and Petroleum of Western Australia commissioned the construction
of static and dynamic models of the subsurface by Odin Geosciences ltd. Initially, the Odin geomodelling
team used seismic cubes to build a structural framework: pick formation boundaries and trace faults.
Petrophysical properties (net-to-gross NG, total porosity φT, vertical and horizontal permeability κV and
κH, etc.) were distributed within the structural framework by inter-well interpolation of 1D models along
existing boreholes (Odin 2016a,b). Each of the interpolation schemes reflects a particular hypothesis
about unknown parameters of the depositional environment and diagenesis of the sediments.
Given the 3D models of porosity, permeability and other relevant parameters, the Odin team simulated
various injection scenarios, which establish the worst, best and reference cases from the perspective of
possible future commercial scale storage of the CO2. Among the ranking criteria were injectivity,
containment and safety of the sequestered supercritical CO2 (scCO2). It turned out that the models
predict similar configurations of the injected CO2, none of which reaches the top of the injection interval
– the Wonnerup member. Thus to study a hypothetical small accumulation of CO2 closer to the source,
we designed a scenario formed by a buoyancy-driven CO2 plume that penetrates into the sealing
formation – the Yalgorup member – along a major fault.
To generate synthetic seismic data corresponding to the given subsurface models from components (i)(ii) one has to implement the following steps:
I.
II.
III.
IV.
V.

rock physical modelling - building a 3D baseline seismic model based on the relationships
between the seismic properties (VP, VS, ρ) and parameters included in the static models;
fluid substitution – estimation of the changes to the seismic properties due to the injection of
CO2;
qualitative prediction of the time-lapse seismic response based on (i)-(ii) above followed by the
determination of target objects for simulations and design of the forward modelling;
seismic simulations according to the appropriate numerical algorithms, which corresponds to a
number of acquisition systems and monitoring concepts;
the synthetic data should be processed and analysed in order to quantify feasibility of different
monitoring methods.

The present progress report focuses on the implementation of (i)-(v) above, which are followed by
overview of the results and preliminary conclusions.

Rock Physics Modelling
Rock physics diagnostics is the first step of the rock physics modelling workflow (Dvorkin et al. 2014). It
establishes relationships between petrophysical and seismic well logs. Comprehensive data analysis1
shows that such relationships may only be based on the Harvey-1 and Harvey-4 wells. Harvey-2 and
Harvey-3 lack either sonic or/and density logs, which effectively compromises any rock physics analysis.
As the Yalgorup and Wonnerup members consist of typical clastic sediments, we may confidently seek
VP as a function of porosity and clay content. In such a way the distribution of VP in the model will be
consistent with the petrophysical properties distribution and possible CO2 flow patterns. In Figure 31 we
see a typical V-shaped trend in VP (Sams and Andrea, 2001). This trend corresponds to the difference
between sand-bearing and shale-bearing solid matrix. This trend is not obvious in Figure 32 since
Harvey-4 lacks well data for the clean sandstones in the deep Wonnerup section.
VS and ρ could be distributed in the model using their relationships with the porosity and clay content
similarly to VP. However, due to imperfect correlations and measurement errors, such a workflow would
result in an inconsistent distribution of seismic impedances (shear and acoustic) and a huge intensity of
artificial scattering in the synthetic data. Thus, we built models of VS and ρ as a function of the VP model
only using relationships derived from the cross plots shown in Figure 33 and Figure 34.

1

performed in ANLEC Project 7-0115-0241
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Figure 31 Cross plots of well measurements in Harvey-1: VP versus the total porosity, color-coded by the volume of clay.

72

Figure 32 Cross plots of well measurements in Harvey-2: VP versus the total porosity, color-coded by the volume of clay.
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Figure 33 Cross plots of VP vs. VS in Harvey-4 well.

Figure 34 Cross plots of VP vs. RHOB (density) in Harvey-4 well.

Fluid Substitution
In order to model seismic response of rocks (partially) saturated by CO2, we need to establish how the
displacement of the original pore fluid (brine) by gas affects the petrophysical properties of the rock. To this
end we utilise fluid substitution. Fluid substitution refers to a class of rock physics theories that relate bulk

KDRY and shear μDRY moduli of a dry rock sample to saturated moduli KSAT and μSAT of the rock saturated by a
fluid mixture with effective bulk modulus KF. Bulk modulus is inverse of compressibility, and is the ratio of
the infinitesimal pressure increase to the relative decrease of the rock volume. Shear modulus is the ratio
of shear stress to shear strain. These two moduli are the most common parameters used in rock physics to
describe the elasticity of rocks.
The common approach to the problem implements the Gassmann-Wood theory (Dvorkin et al. 2014),
which for a mixture of CO2 and water reads:

K DRY = K S

1 − (1 − φt ) K SAT / K S − φt K SAT / K F
.
1 + φt − φt K S / K F − K SAT / K S

KF =

1
.
S / KCO2 + (1− S ) / KW
μSAT = μ DRY .

(1)

(2)
(3)

where KS, KCO2 and KW are bulk moduli of the solid skeleton, CO2 and brine respectively, φt is total porosity,
and S is CO2 saturation.
However, in shaly sandstone only part of the porous space (effective porosity φe) can be filled by the
injected CO2 because porous clay is impermeable for the new fluid. Another problem arises from the fact
that KS is generally unknown and can vary a lot for the same mineral composition. After a critical review and
several tests, we concluded that the theory by Dejtrakulwong (2011) is the most suitable for the description
of fluid substitution in such shaly sandstones. The approach leads to the final fluid substitution relationship:

C sat1 = C sat 2 −

φe
( C − C sandf 1 ) . ,
φ sand sandf 2

(3)

where Csat1 and Csat2 are the P-wave moduli (ρVP2) of a shaly sandstone sample at the initial and current
saturations correspondingly, and similarly Csandf2 and Csandf1 are P-wave moduli that would have been
measured if the sandstone sample did not have any clay, which can be computed by the standard
Gassmann-Wood process discussed above. φsand is the porosity of this abstract clean sandstones (see Figure
35) that we derive from the logs with zero estimated clay content.
Figure 36 presents fluid substitution results for a modelled injection of scCO2 into Yalgorup and Wonnerup
permeable facies based on logs form Harvey-4 well. This well has the required set of borehole
measurements: density, compressional and shear wave logs along with clay content and porosity
interpretation. We see that the relative change of the compressional velocity lies in a range of the first
couple of percent, and that the bigger the effective porosity the bigger is the effect of the injected fluid.
Harvey-1 well measurements show a significant reduction of the sandstones porosities towards the bottom
of the Wonnerup member. Small porosities and high VP measured in the brine saturated rocks cause
significant sensitivity of the fluid substitution algorithm to the baseline VS,. Figure 37b illustrates this point
by showing the relationship between the scCO2 saturation and the compressional velocity for different
shear moduli at the brine saturation. Since the deep Wonnerup member lacks VS logs (the only available
data comes from Harvey-1 well), the fluid substitution predictions are uncertain. To account for this
uncertainty we consider the injection intervals for a high-VS (average μ = 21 GPa) and low-VS (average μ =
19 GPa) scenarios. These two scenarios correspond to the actual measurements in Harvey-1 well and the
best-fit linear relationship between VP and VS established in Harvey-4 (see Figure 37a). Figure 38 shows that
such a slight difference in the shear modulus leads to a dramatic change in the effects of the CO2 injection
on the compressional velocity change (and thus on the acoustic impedance change). However, even the
high-VS scenario results in relatively small changes of the acoustic impedance (ΔAI) due to the injection,
which means that monitoring using reflected waves may be inefficient.
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Figure 35 Well logs from Harvey-4 illustrating the identification of clean sandstones – red box. All measurements
beyond the red line correspond to higher porosities than expected and are attributed to measurement errors.

Figure 36 Relative change of the compressional seismic velocity due to the injection of 20% of supercritical CO2 into
the Yalgorup and Wonnerup permeable facies using Harvey-4 well logs: a) histogram of the velocity change and b)
velocity change along the borehole.

Figure 37 Dependence of the time-lapse VP change on saturation as a function of the baseline shear modulus.

Figure 38 The histograms illustrate distribution of the predicted time-lapse changes of the seismic properties
corresponding to the high-VS and low-VS scenarios. 2030 and 2050 refer to year given that the injection would have
started at 2020.
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Predicted time-lapse elastic changes
The Odin simulations predict only limited horizontal migration of the CO2 away from the well due to the
small porosity and permeability of the deep Wonnerup sandstones. As a result, the CO2 plumes migrate
upward driven by buoyancy and form vertically elongated cylinders along the injecting boreholes (see
Figure 39). Such a shape makes the plumes hard objects for characterisation (not detection) by reflection
seismic. However, as shown in Figure 40, the large thickness may cause a significant change of the twoway-travel-time required for the sound wave to hit the bottom of the Wonnerup member and get back to
the receiver. Such change in the two-way-time is called seismic pull-down effect and can be utilised for the
plume monitoring.
Summarising the results of the previous sections, we designed a synthetic feasibility study to test
monitoring concepts based on the travel-times, rather than the strength of the reflected waves. In order to
study the travel-time responses of the plumes it is sufficient to look at 2D seismic lines intersecting the
plumes.

Figure 39 Plume thicknesses modelled for the Odin reference case injection scenario. Injection wells are labelled HI1 to HI-9 as per the Odin model.

Figure 40 Seismic pull-down effect corresponding to the plume thicknesses shown in Figure 39.

2D Modelling of the seismic response
Baseline and monitor 2D models intersecting the CO2 plume were extracted from the 3D models of the site.
These models capture both the effect of different amount of injected CO2, as well as the two scenarios for
the high and low shear velocities. In particular, the five 2D models correspond to:

•
•
•
•
•

baseline (“B”);
monitor after 10 years of injection (“M30”);
monitor after 30 years of injection (“M50”);
baseline with higher VS in the reservoir (“B high contrast”);
monitor with higher VS in the reservoir after 30 years of injection (“M50 high contrast”).

Since the input geological model does not cover the upper part of the subsurface, we populated the top of
the models with horizontal layers with increasing velocity matching the background velocity model of the
area. Baseline VP, VS and ρ models are shown in Figure 41. Differences in VP for different monitor models
are shown in Figure 42.
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Figure 41: Baseline models of (a) VP; (b) VS and (c) ρ.

Figure 42: Difference in VP for different monitor models: (a) M30; (b) M50 and (c) M50 high contrast.

5.7.1 Modelling
Synthetics for this study were computed using SOFI2D, viscoelastic finite-difference modelling software
(Bohlen 2002). Free surface reflections and reflections from model boundaries were attenuated using
perfectly matched layers (PML). A separate dataset with free surface condition on the top of the model was
generated for the full-waveform inversion of borehole data.
In order to avoid grid dispersion, the grid cell size dh should satisfy the following criterion stating the
minimum times a wavelength has to be spatially sampled by the grid:
dh ≤

Vmin
nf max .

Here, Vmin is the minimum velocity in the model (in case elastic modelling is being conducted, Vmin is the
minimum shear wave velocity), f max is the maximum source frequency and n is a parameter that depends
on the used finite-difference operator. For the synthetic being computed, f max is equal to 70 Hz, Vmin is
1165 m/s. For the used fourth-order finite-difference operator with Holberg coefficients, n is 8.32, which
means that dh ≤ 2 m. Thus, we used 2 m grid interval.
In order for the finite-difference scheme to be stable, the temporal discretization needs to satisfy the
Courant-Friedrichs-Lewy criterion:
dt ≤

dh
h 2 Vmax ,

where Vmax is the maximum velocity in the model and h is a parameter that depends on the used finitedifference operator, which is approximately equal to 1.18 in the current case. As Vmax in the model is 4838

ms, dt ≤ 0.24 ms. Thus we used 0.1 ms interval for the modelling.
The main modelling parameters are summarised in Table 7.
Table 7: 2D Modelling parameters
Parameter

Value

Grid spacing

2m

Time step

0.1 ms

Order of the finite-difference scheme

4

Source wavelet shape

Ricker (surface seismic); Fuchs – Müller (borehole,
for full waveform inversion)

Source wavelet dominant frequency

35 Hz

Absorbing boundary type

PML

Width of absorbing boundaries

10 cells

The sources were placed on the top of the model (below the reflection attenuating layers – PML). The
source spacing was 16 m. The receivers were placed on the top of the model and in the borehole with the
horizontal coordinate of 7750 m. The receiver spacing was 8 m.

Processing of surface seismic data

Time (ms)

Time (ms)

An example
of synthetic surface seismic gather is given
in Figure 43.
a)
b)

Time (ms)

c)

Figure 43: (a) Surface seismic gather in the baseline model; (b)
differences between M30 and baseline gathers and (c) between
M50 and baseline gathers. The scaling for differences is x20.
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The synthetic surface seismic data was processed using the RadExPro (DECO Geophysical SK) and SeisSpace
(Landmark Solutions, Halliburton) software packages. Only the vertical component of particle velocity was
processed. The processing involved three main stages:

1. Spherical divergence correction
2. Velocity Analysis and Stacking
3. Post-stack time migration.

5.8.1 Spherical divergence correction
A spherical divergence correction is applied to address the amplitude decay due to the progressively larger
wavefronts. Herein it was applied by multiplying the amplitudes on the seismic gathers by

t . Spherical

divergence correction function was chosen to be t due to the fact that the input data was modelled by a
2D forward modelling algorithm. For 2D data, cylindrical divergence applies, which may (in homogeneous
medium) be approximated by

t.

5.8.2 Velocity Analysis and stacking
A velocity model was built using an interactive Velocity Analysis tool in the SeisSpace software (Figure 44).
The velocity analysis is based on the coherency of the seismic signal along different offset-travel time
curves corresponding to different effective velocities of the subsurface. A user can pick the velocities based
on the coherency – for the correct velocity the measured coherency is high. The picked velocities are then
used to sum the seismic data corresponding to the same mid-point between the source and receiver to
create a aseismic trace corresponding to zero offset (collocated source and receiver). This process is called
normal moveout (NMO) stacking. For stacking, 20% NMO stretch mute was applied.

Figure 44: Velocity analysis tool in SeisSpace

5.8.3 Post-stack time migration

Time (ms)

Velocities acquired during the velocity analysis of the baseline dataset were also used for post-stack time
migration of all baseline and monitor datasets. This migration repositions the reflectors on the stacked
traces to the locations that are not necessarily right below the common source/receiver location of the
zero-offset trace where they appear before migration. Fast Explicit Finite-Difference Migration algorithm in
SeisSpace software was used. Examples of migrated baseline image can be seen in Figure 45.

Figure 45: Migrated baseline image.

5.8.4 Analysis of the results
All baseline and monitor synthetic gathers were processed using the same workflow. Using the migrated
images of the medium, difference sections and sections of normalised root-mean-squared (NRMS)
parameter were calculated. NRMS measures the the similarities or differences in the seismic signals of two
repeated traces from two time-lapse surveys. It is defined as the ratio of the average energy of the
difference to the sum of the average energies of the two vintages, producing range from zero to 200 (zero
corresponds to two identical traces). In Figure 46, Figure 47, and Figure 48 we show the migrated sections,
the difference sections and the NRMS sections for different CO2 plume shapes and magnitudes of the
changes of the physical properties of the medium. All figures are given in the same scale.
These figures show that both M30 and M50 result in the difference with NRMS of 20-30, which is low and
may not be possible to monitor even with buried receiver arrays. In turn, ‘high VS’ M50 monitor model
produces the difference with NRMS of 60-150, which can be monitored by high-repeatability surface
seismic.
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Time (ms)
Time (ms)
Time (ms)

NRMS

Figure 46: (a) Migrated M30 monitor image; (b) difference between M30 monitor and baseline images and (c) NRMS
attribute section.

Time (ms)
Time (ms)
Time (ms)

NRMS

Figure 47: (a) Migrated M30 monitor image; (b) difference between M50 monitor and baseline images and (c) NRMS
attribute section.
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Time (ms)
Time (ms)
Time (ms)

NRMS

Figure 48: (a) Migrated M50 ‘high VS’ monitor image; (b) difference between M50 ‘high VS’ monitor and ‘high VS’
baseline images (c) and NRMS attribute section.

Analysis of borehole seismic data
Here, we use full waveform inversion (FWI) of borehole seismic data for the detection of the CO2 plume.
FWI was performed in IFOS2D software. IFOS2D is a 2D FWI code based on time-domain elastic forward
problem. The description of the algorithm is given by Köhn (2011). Main FWI parameters are given in Table
8 . As in the modelling, reflections from the model boundaries were attenuated using PML during the
inversion. A free surface boundary condition was used on the top of the model. During the inversion, VP, VS
and density models were inverted from the starting frequency. Starting models were acquired by
smoothing the true models. Optimization was carried out using generalisation of quasi-Newton method,
namely Limited memory Broyden–Fletcher–Goldfarb–Shanno (LBFGS) method (Nocedal and Wright 2006).
Table 8: Inversion parameters
Parameter

Value

Horizontal grid spacing

2m

Vertical grid spacing

2m

Time step

0.2 ms

Order of the finite-difference scheme

4

Source wavelet shape

Fuchs – Müller

Source wavelet dominant frequency

35 Hz

Absorbing boundary type

PML

Width of absorbing boundaries

10 cells

Optimization method

L-BFGS

Starting frequency for the inversion

12 Hz

Last inverted frequency

70 Hz

FWI was tested on ‘high VS’ baseline and M50 models. Two acquisition geometries were tested: singleoffset and multi-offset. Only offset geometries were considered as transmitted waves are needed to
facilitate the requirements for low frequencies (Neklyudov, Silvestrov and Tcheverda 2013). This makes it
possible to run FWI from the starting frequency of 12 Hz. For the single-offset geometry, the source offset
from the well was 1650 m. For the multi-offset case, the maximum offset was 3150 m and the offset
interval was 500 m.
In Figure 49, Figure 50 and Figure 51 we show the baseline inversion results for single-offset geometries
that are compared with starting and true models of VP, VS and ρ, respectively. These inverted results
improve significantly if we use multi offset geometries using seven sources, as shown in Figure 52, Figure 53
and Figure 54 that show baseline inversion results that are compared with starting and true models of VP,
VS and ρ, respectively. In Figure 55 and Figure 56, inverted difference in VP is compared to the true
difference and the baseline inverted model VP for the single offset and multi offset geometries,
respectively.
Analysis of the Figures suggests that the multi-offset VSP is capable of detecting the change in VP
introduced by the injection in the “high VS” case. While single-offset VSP does not provide a clear image of
the anomaly, it is still capable of detecting the velocity changes. Adding geology based constraints, such as
limited lateral change of properties, for single-offset case might improve the inversion results. We can also
observe the effects of the illumination on the inversion; outside of the coverage of the direct and reflected
rays recorded by the receivers the inversion does not produce reliable results. We can also observe that the
resolution of the inverted shear velocity is better than that of the compressional velocity. This is due to the
shorter wavelength of the shear waves compared to the compressional waves.
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Figure 49 True, initial and inverted models of VP for single-offset geometry. Borehole shown as blue vertical line.

Figure 50 True, initial and inverted models of density for single-offset geometry. Borehole shown as blue vertical line.
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Figure 51: True, initial and inverted models of VS for single-offset geometry. Borehole shown as blue vertical line.

Figure 52 True, initial and inverted models of VP for multi offset geometry. Borehole shown as blue vertical line.
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Figure 53 True, initial and inverted models of density for multi offset geometry. Borehole shown as blue vertical line.

Figure 54: True, initial and inverted models of VS for multi-offset geometry. Borehole shown as blue vertical line.
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Figure 55: (a) Baseline inverted model; compared with (b) inverted VP difference and (c) true VP difference, for single-offset acquisition geometry. Borehole shown as blue
vertical line.

Figure 56: Baseline inverted model (a) compared with inverted VP difference; (b) true VP difference and (c) multi-offset acquisition geometry. Borehole shown as blue vertical
line
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5.9.1 3D Modelling of seismic response

Modelling of 3D seismic data was conducted using the detailed 3D model of the site described above. Since
the static and dynamic models were constructed only for a limited depth interval, top of the model was
filled with interval VP extracted from the checkshot VSP data in the Harvey-4 well. VS and density for the top
of the model were created from the VP model by using linear regression. Layers with constant properties
were added to the top and to the bottom of the model. Vertical and horizontal slices of the 3D model are
displayed in Figure 57.
b)

a)

Figure 57: (a) Inline and (b) horizontal, slices of the monitor 3D VP model of the medium with the contour of the CO2
plume.

Modelling parameters were computed using the criteria described above. They are displayed in Table 9.
Table 9: 3D Modelling parameters
Parameter

Value

Grid spacing

2.5 m

Time step

0.25 ms

Order of the finite-difference scheme

6

Source wavelet shape

Ricker (surface seismic)

Source wavelet dominant frequency

35 Hz

Absorbing boundary type

Perfectly matched layer - PML

Width of absorbing boundaries

10 cells

The sources were placed on the top of the model (below the attenuating layer - PML). The receivers were
placed on the top of the model and in the wells around the plume. The source and receiver spacing was 15
m.

Analysis of surface seismic data
The detectability of the plume from surface seismic was performed on common-shot seismic gathers. A
baseline gather is quantitatively compared to the difference between baseline and monitor gathers using

the NRMS attribute. As Figure 58 shows, the NRMS value is around 20, which is expected to be increased
after processing and imaging steps, and as such it might be detectable.

a)

b)

c)

Figure 58: (a) Common-shot seismic gather calculated in the baseline model; (b) difference between monitor and
baseline gathers and (c) NRMS attribute.

Sensitivity/resolution of seismic techniques
All seismic techniques share the same physical basis – presence of the injected scCO2 changes
effective stiffness of initially brine saturated reservoir rocks. Propagating seismic waves interact
with the modified subsurface differently, and thus, the fluid substitution may manifest itself in
difference between the monitoring seismic vintages. The detectability of the plume is a derivative
of the strength of the fluid substitution effect. More importantly for practice, it is highly
dependant on level of time-lapse noise in the data. Since we have limited control over the
subsurface changes, we may focus on signal-to-noise ratio in the data.
The noise characteristics and level are site and survey dependant and should be estimated from
measurements of two different surveys in the area. The only two such surveys available to us are
the Velseis (www.velseis.com) 3D survey and the Harvey 3 survey. The huge differences in the
acquisition geometry result in vastly different datasets, as illustrated in Figure 59, which renders
these datasets not practical for realistic time-lapse noise estimation.
In lieu of estimates of time-lapse noise from the site, we can estimate the detectability of seismic
signals based on other sites and the corresponding relative strength of the reflected waves from
the plume to the strength of the reflected waves from the sealing interface. This relative strength
can by computed by NRMS attribute, as shown in Figure 58. The NRMS values for a baselinemonitor pair of land surveys can vary significantly based on many factors, including different
ground conditions due to weather, different seismic sources used, or errors in positioning the
sources/receivers consistently. For pre-stack data, repeatability analysis was performed at Otway
for both surface and buried geophones (Shulakova et al. 2015). The reported values for surface
geophones measuring reflections was ~70%, which is higher than the value shown in Figure 58,
which would not make the plume detectable. Whereas for the buried receiver array at Otway,
post-stack NRMS is ~20% (Pevzner et al 2017).
In the following discussion, we stick to NRMS > 30% as a time-lapse seismic noise floor – sensitivity
of a conventional 4D surface seismic. Hence, we render as detectable any subsurface changes that
causes in the time-lapse vintages an anomaly of the strength > 30%. For downhole monitoring, the
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strength of the signal is similar to the surface acquisition. However, the downhole data exhibits
less time-lapse noise. Hence, the amount of detectable scCO2 is smaller than for the surface
seismic.
We emphasise that the above discussion has to do with a binary problem: an effect of the
injection is either detected or missed. While actual subsurface changes that cause a time-lapse
signal may vary:
•

A very reflection from a plume that occurs in otherwise absolutely quiescent interval = no
baseline reflection;

•

Stronger elastic response to the injection, due to higher porosity or high saturation.

•

Elongated vertically, pipe-like, structure (initial stage of the injection);

•

Relatively thin but laterally extended plume parts propagating along high-permeability
streaks.

Spatial resolution controls accuracy of a plume imaging and estimates of its volumetrics. For
monitoring purposes, we also need to assess capability of the monitoring system to detect and
map incremental plume development – growth, saturation changes, dissolution etc. The temporal
resolution is obviously a derivative of the spatial resolution and specific injection parameters.
Rock physics analysis shows that the fluid substitution causes small changes of the seismic rock
properties after a certain small saturation levels. Thus, data quality should be high to make
quantitative interpretation feasible. Most likely, only downhole data will have the required signalto-noise-ratio.
Spatial resolution is estimated using the computer simulations (see subsections 5.8-5.10). The 2D
model contains diverse plume shapes at different mutual positions. Analysis of the processed data
suggests that in preferable acquisition conditions (NRMS>30%) and dominant frequency ~50Hz the
vertical resolution ~25m and lateral resolution~500m. The implications of these results to the
temporal resolution are analysed in the next subsection.

Figure 59 Comparison of two sections of available surveys in the same area. Harvey 3 survey is overlain on Velseis
3D survey. The difference in resolution and coverage makes any estimate of time-lapse noise from these datasets
almost impossible. The inset illustrates spatial location of the seismic sections.

Conceptual design of the seismic monitoring program
Through the presented computer simulations, we have modelled potential time-lapse signal as
measured by various monitoring techniques. These results provide a basis for a seismic monitoring
design for the SW Hub. In the following, we focus on conformance monitoring exclusively –
imaging of the plume and estimation of its volumetric parameters. The following discussion
accompanies the specifications presented in Table 10.
Among different viable classifications, we chose to differentiate seismic monitoring techniques by
the parameter of the seismic wavefield that is used to detect/characterise the subsurface changes:
1. Shape of seismic boundaries;
2. Strength of the seismic reflections.
The change of reflectivity occurs due to seismic contrast immediately at a lithological boundary.
Since the elastic effect of the scCO2 will most likely be small, the reflectivity change may be too
small to be detected. At the same time, travel-time for sub-plume seismic reflections may change
noticeably due to sufficient thickness of the plumes.
We suggest a monitoring system that combines conventional surface seismic with surface-toborehole monitoring. The synthetic data suggests that, the former one provides a lateral
distribution of the injected scCO2. Given the likely repeatability issues at the SW Hub site, we rely
on the borehole seismic monitoring as a tool for quantitative interpretation of the time-lapse
signal – accurate image of the vertical structure of the plumes and an estimate of their volumetrics
– effective saturation, gas column height etc.
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The surface monitoring program has to provide sufficient coverage and fold over the injection. It
implies at least 7km×5km, which converts into 11 lines of 280 geophones each and shot points and
relatively dense sources network to guarantee high fold.
Borehole monitoring requires DAS cables deployed in each of the injection wells. The 3D
monitoring data will be acquired concurrently with the surface seismic, i.e. we propose a 4D VSP
monitoring. However, permanently deployed DAS receiver arrays provide an opportunity for
continuous monitoring of the injection using a limited number of permanent receivers located at
the well heads.
Figure 60 illustrates the modelled evolution of the injections. Comparative analysis of the plume
growth versus the spatial resolution suggests the following schedule of the monitoring:
•

The first full-scale 4D survey after 1 year from the start of the injection;

•

Monitor surveys each year for the first 5 years;

•

A survey each 5 years after the first 5 years.

Conclusions
We studied the feasibility of seismic techniques to monitor scCO2 injected and stored at the SW Hub site.
The geological statement for the study is provided by Odin static and dynamic models.
We developed a rock physics model, which allows us to convert petrophysical models of the subsurface
into seismic properties as well as estimate the elastic effects caused by the presence of scCO2 in reservoir
rocks. Insufficient sampling of the deep Wonnerup member by well logging and coring introduces
significant uncertainty into prediction of the elastic response to the scCO2 injection.
Comprehensive full-elastic computer simulations predict relatively small intensity of the time-lapse
response. Lack of field studies of the seismic repeatability at the site precludes precise quantification of the
sensitivity and temporal resolution of the seismic. However, given rather quiescent injection interval we
may expect the 4D surface and borehole seismic to provide a robust monitoring system.
Surface-only seismic monitoring is unlikely to be sufficient for the plume detection and characterisation.
Thus we complement the acquisition by DAS receiver cables deployed in the injection wells. The 4D VSP
may provide fine vertical structure of the injected scCO2 along with the quantitative estimates of the
volumetrics within a plume.
Seismic detection of a small leakage of the scCO2 into the Yalgorup formation along a fault is detectable in
the noiseless synthetic data. However, it is unlikely to be such in the presence of noise.

Table 10 Summary of the seismic monitoring parameters for the SW Hub project.
Monitoring
technique

Parameter
Detected

Description of
Detection

Detection Limit

Seismic
Surface

Travel-Time
Change

Presence of scCO2
changes seismic
velocity within the
injection interval,
which can be detected
by time-shifts of
reflected events below
the interval

Depends on
Depends on the
repeatability, e.g., repeatability and
0.1ms for timefrequency content,
lapse noise to
e.g., 500m for 50 Hz
signal ratio ~ 5% dominant frequency
and 1ms - for 50%. and vertical
resolution of ~ 25m.

Seismic
Reflection
Amplitudes
change

Presence of scCO2
NRMS of the timechanges seismic
lapse signal > 30
impedance of the
injection interval,
which affects reflection
strength above and
below the interval.

Time-lapse
variation of
the full
seismic
wavefield
recorded in
boreholes

Physical basis is the
same as for the
surface. Acquisition of
the seismic wavefield
in boreholes allows for
analysis of both
transmitted and
reflected waves.

Seismic
Borehole

Similar to the
surface seismic.
However,
downhole data
exhibits less timelapse noise..

Spatial Resolution

The method is very
sensitive to the
geometry of the
scCO2 plume and
provides a very
detailed image of
the plume. Spatial
resolution is
controlled by the
coverage provided
by the sourcereceiver pairs.

Temporal
Resolution

Equipment Required Relative Cost:
Initial

6 months after
start of the
injection - first
detectable CO2
plumes; after 1
year - detectable
time-lapse signal
at each well; after
each 5 years - the
plumes evolution
exceeds spatial
resolution limits

3D acquisition
To provide
A survey each
system. Ideally,
sufficient
year for first 5
permanently
coverage over years, then
deployed
the injection
each 5 years.
conventional vertical area, we suggest Also - shots
geophones and
deployment of network
conventional
11 receiver lines
vibrosesis sources. with 280
geophones
each.

Quantitative
???
estimation of the
plume parameters
- saturation,
plume thickness
etc. - requires an
advanced level of
expertise.
Qualitative lateral and vertical
extent - may be
done on difference
cubes

Low elastic effect
of the CO2
injection leads to
challenges
detecting small
leaks into highly
heterogeneous
overburden.

We expect the
temporal
resolution to be at
least as good as
for surface
seismic.

Borehole sensors
(3C geophones or
distributed acoustic
sensors) and surface
vibroseis sources.
Ideally, the receivers
are permanently
installed extending
below and above
the injection
interval.

Advanced
expertise is
required, the
technology is
relatively new, no
standardized
processing
routines exist,
processing is
computationally
intensive.

Low elastic effect
of the CO2
injection leads to
challenges
detecting small
leaks into highly
heterogeneous
overburden.

High; involves
drilling a
monitoring well
and installing
the seismic
sensors.
However, it
might be
possible to
utilize the
existing
boreholes.

Relative Cost: Technical
Ongoing
Expertise

Low; A survey
each year for
first 5 years,
then each 5
years. Cost of
source effort
is relatively
low.

Lowest Practical
Requirement

DAS
instrumented
injection
borehole and a
network of
surface seismic
sources. Sources
should
illuminate the
plume by both
reflected and
transmitted
wavefields.

Risks
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Figure 60 Incremental change of the thickness of the plumes: after 1 year after start of the injection (a); 2 years additional thickness compared with 1 year after the start (b)
and similar to (b) the thickness change between 10 years compared with 5 years after the start (c).
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6 Gravity, magneto-telluric (MT) and
electromagnetic (EM) methods
Objectives and Overview
The principle objective of the EM and gravity component of the ANLEC Monitorability project is to assess
the value of these methods for monitoring of CO2 injection and storage in the Wonnerup Member of Late
Triassic Lesueur Sandstone over long time frames (e.g. 30 years) at the SW Hub project area. Parameters
for sequestration are based on the Odin Dynamic Model. This objective can largely be achieved by
numerical simulations for a range of EM and gravity surveys that may be suitable for monitoring of large
scale long term injection of CO2 (Hortle et al., 2016). A general description of electromagnetic and
gravitational methods in geophysics is supplied as an appendix.
Surface and in-hole electromagnetic methods have the ability to recover changes in the distribution of
electrical conductivity and density with time, respectively, which no other methods can achieve within
comparable volumes of earth. These methods have potential to provide information about the subsurface
distribution of a large CO2 plume at low additional project cost or risk. They are assessed because of their
potential for integration into long- term conformance monitoring. If it is shown that these methods can
assist in constraining distributions of key parameters, then they may become part of compliance
requirements for sequestration of CO2.
For a large scale CO2 project sequestered CO2 may be distributed through many hundreds of cubic
kilometres of the subsurface. Monitoring by sampling in a large number of wells over an equivalent area
similar to that which can be spanned by electromagnetic or gravitational methods is unlikely to be practical,
sensible or economic.
We should also note that technological advances will decrease detection limits for both methods during the
life span of any large commercial sequestration project providing motivation to, at the very least, to
provide base line EM and potential field data.
Potential application of EM and Potential field methods for monitoring for CO2 can be evaluated within four
categories. These are:
1. Surface Monitoring: For this category methods would be deployed at the surface or in the very
near surface with minimal requirement for drilling or other disturbance of the subsurface.
2. Above zone monitoring: The category “above zone monitoring” would require equipment to be
deployed in at least one drill hole above the containment unit. For the SW Hub this would be
geological units above the Wonnerup SS.
3. In reservoir monitoring: For this method equipment would need to be deployed to at least one
well penetrating the containment unit (the Wonnerup SS) but beyond the expected extend to the
plume itself.
4. In reservoir within plume monitoring: Here monitoring would require equipment in at least one
well penetrating the containment unit that would be in the path of the sequestered CO2 plume.

This study focuses on conformance monitoring for commercial scale geological sequestration of CO2 based
on the Odin Dynamic Model. For this reason we predominantly assess surface and above zone monitoring
(e.g. the Yalgorup Member). Reservoir zone monitoring technologies were given a lower priority because of
perceived risks and high costs associated with drilling. However, we would stress that there are significant
technical advantages associated with in-reservoir and within plume monitoring. Resolution of both EM and
Potential field methods increased dramatically as distance to the target anomalous zone decreases.
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Certainly imaging an approaching CO2 plume with electromagnetic (or at closer range electrical resistivity
imaging) methods is eminently possible given an appropriately instrumented deep well.

Electrical Architecture of the SW Hub study site.
Key data sets that have become available during this study include a pilot 2D magnetotelluric (MT) survey
along Riverdale Rd, Harvey, and the Odin Dynamic model simulating long term CO2 sequestration to the
Wonnerup Member via nine wells. The MT transect passes across the fault bounded compartment
commencing immediately East of the F1 fault and passing several kilometres across the F10 fault (Figure
61).

Figure 61 MT station locations along Riverdale Rd.

The image shown in Figure 61 also includes a 1D forward match to MT field data (TE mode only). The
image, and some analysis comes from the ANLEC project: Lesueur, SW Hub: Improving seismic response
and attributes - 7-0115-0241. Although highly simplistic the 1D forward modelling does show the basic
geometry of conductivity with depth as well as the approximate 1000 m vertical offset at the location of the
F10 fault. Full 2D unconstrained inversion of the MT data has been completed and will be shown below.
The Odin dynamic model simulates long-term injection (e.g. CO2 saturation) of CO2 close to the base of the
Wonnerup Member and West of the F10 fault. These data are necessary for building models of density and
conductivity distribution so that viability of monitoring with EM and gravitational methods can be assessed
for the SW Hub project.
Core activities completed include:
I.
II.
III.
IV.

Analysis of conductivity distribution from inverted MT data and data from Harvey 1 well.
Conversion of the Odin Dynamic model to 3D density and conductivity.
Numerical simulations with a range of methods.
Summary of outcomes.

6.2.1 Conductivity Distribution and Wireline logs:
Developing a model of conductivity and density distribution for the SW Hub project is a key part of the
Monitorability project. For wells, consideration of the logging method and impact of conductive drilling
fluids muds is necessary. A comparison of the Lake Preston 1 deep induction resistivity log and Harvey 1

laterlog resistivity are summarized in Figure 62. There are significant differences in conductivity at
comparable depths and for key formations between the two drill holes.

Figure 62 Wireline logs showing mud resistivity in Harvey 1, deep induction wireline log for the Lake Preston 1 well
and MLR4C laterlog resistivity in the Harvey 1 well. Note the large differences in conductivity at comparable depth
in Harvey 1 and Lake Preston 1. Also note the highly conductive drilling mud in Harvey 1. The Harvey 1 wireline
Resistivity is the Baker Hughes “MLR4 adaptive borehole corrected” logs. Also available was the MLR3, MLR2 and
MLR1 logs and a miro laterolog. As expected mirco laterolog provided significantly lower resistivity of the mud/mud
cake around the hole. The RM value at bottom hole temperature was recorded to be 0.0468 Ohm.m. Again extreme
contrast between resistivity of the mud and nature formation resistivity can be difficult to compensate for. Both
water chemistry and laboratory measurements may be needed and these acquisition of these is planned in the next
phase of research for the SWH.

Figure 62 summarises the relationship between the Lake Preston 1 well Deep Induction Resistivity and the
Harvey 1 - MLR4C Laterlog type resistivity logs. The drilling fluid conductivity for the Harvey 1 drill hole is
included for comparison. At Harvey 1 the conductivity of the shale is less than the sands. For the Lake
Preston 1 well shale intervals tend to be more conductive than sand intervals. This suggests the MLR4C
laterlog wireline log in Harvey 1 is reflecting conductive mud invasion. However this may not fully account
for the large difference in resistivity between Harvey 1 and Lake Preston 1, as large scale lateral changes in
solute concentration cannot be ruled out (i.e. hydrodynamics). There exists the possibility of changes in
solute concentration across fault bounded compartments of the Yalgorup and or Wonnerup Members.

6.2.2 Model framework / Conductivity distribution:
A methodology for converting the Odin Static model porosity distribution to formation resistivity has been
established and implemented. In this process Archie’s law is used as a basis to convert Odin Model porosity
to formation resistivity within the Schlumberger Petrel software package. The fluid (i.e. water) resistivity
and cementation factor within a basic form of Archie’s Law are progressively altered such that calculated
formation resistivity at the Harvey 1 drill hole location match wireline resistivity log values in the Wonnerup
Member.
Despite uncertainty around water resistivity especially for the deep formations this process does highlight
key points. If fixed values of close to 0.08 Ohm.m or less for the fluid resistivity and cementation factor of
close to 2 are set then porosity can be converted via Archies Law to a synthetic resistivity log for Harvey 1.
The synthetic logs replicates the shape of the actual wireline resistivity log in the Wonnerup Member with
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quite remarkable accuracy. Again it must be emphasised that the drilling fluids are reported to have salinity
close to 54000 mg/L and are likely to have invaded the sandstones. Also it is possible or even likely that the
drilling fluids have similar salinity to the formation (see Harvey and Binningup - hydrogeological transects).
Regardless we must conclude that for the Wonnerup Member decreasing porosity with depth links with
increasing formation resistivity. While changes in solute concentration could be superimposed on effect of
porosity within the Wonnerup Member, it seem that changes in porosity with depth must be a major
determinant of formation resistivity. At a much larger scale, well beyond the Harvey 1 well, the Inverted
Riverdale Rd MT conductivity distribution suggests that solute concentration may indeed vary laterally
within the Wonnerup Member.

6.2.3 MT inversion derived conductivity compartmentalization
A pilot magneto-telluric (MT) survey was undertaken and completed separately but in parallel with the
project described here.2 The pilot study involved the acquisition and inversion of data from a small number
of MT stations (17 stations along Riverdale Rd). The assessment of the MT derived conductivities along
Riverdale Rd has been completed and the results included herein. The survey was intended to assess the
viability of the MT method for imaging subsurface conductivity. The small pilot survey was successful in
showing the value of MT. It points towards a significant outcome (described below) that ultimately needs
to be verified by a larger tensor MT survey with 3D coverage.
Figure 63 below provides a representation of:
(i)

(ii)

the MT derived conductivity distribution on a vertical section of the survey (i.e. unconstrained
inversion) using the open source code MARE2D (http://mare2dem.ucsd.edu/?page_id=24; Key, K,
2016)
the calculated formation conductivity (i.e. derived from the Odin Model porosity distribution) at
successively deeper slices within the Wonnerup Member.

The images in Figure 63 show both the MT survey derived conductivity distribution (vertical section) and
the formation resistivity calculated from the porosity distribution in the Odin static model. Calculated
formation resistivity is mapped onto surfaces at different elevations within the Wonnerup Member.
Porosity driven changes in calculated resistivity show a reasonable match to the MT derived resistivity
towards the F10 fault.
In Figure 63 there is a low resistivity zone (i.e. resistivity between 1 and 4 Ohm.m), which appears to span
Eneabba, Yalgorup and the upper part of the Wonnerup Member. This zone is displaced by approximately
1000 m across the F10 fault. There is significant increase in resistivity toward the base of the Wonnerup
Member and into the Sabina Sandstone broadly consistent with that expected from decreases in porosity.
The increase in resistivity with depth in the Wonnerup is observed on both sides of the F10 fault. This again
confirms porosity as a key driver for formation resistivity in the Wonnerup.
However at the Western end of the Riverdale MT transect, the MT inversion derived conductive zone tends
to thicken and deepen to cross-cut more of the Wonnerup Member. The MT station coverage did not cross
the F1 fault, so the effects of displacement of the conductive zone across the F1 fault are not
accommodated in the inversion outcome (Figure 61). Despite this lack of coverage, the conductivity imaged
from the pilot MT study strongly suggests that hydrodynamic drivers for lateral variations in solute
concentration are in play.
Another interesting feature from the MT derived conductivity distribution is the thickening of the upper
higher resistivity zone towards the F10 fault. The question being; is this related to reduction in solute
concentration (e.g. better quality water)? Acquisition of additional MT stations to produce a 3D data set

2

The MT survey was completed partly within ANLEC Project 7-0115-0241 (The Lesueur, SW Hub: Improving seismic response and attributes) and a
collaboration between DMP, Geoscience Australia and Curtin University (Harvey Ridge 2D MT project – RES55920).

will provide significant direction on answering questions regarding compartmentalization, solute
concentration distribution and hydraulic connection between major hydrostratigraphic units.
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Figure 63 MT derived conductivity distribution (vertical section) and formation resistivity calculated from the
porosity distribution in the Odin static model (as successively deeper surfaces conformable with base of the
Wonnerup Member).

6.2.4 Changes in electrical resistivity and sequestration of CO2
A combination of basic rock physics and porosity from the Odin static model have been used to examine a
3D version of Formation resistivity (as above). While the MT suggests a more complex large scale
distribution, locally the relationship between porosity and formation resistivity are probably of first order
importance. In this circumstance a sense of how resistivity will be distributed in the Wonnerup Member
can be gained with the aid of Archie’s law.
Archie’s (1942) equations can form the basis for a relationship between formation resistivity and CO2
saturation. These are shown as equations 1 and 2 below:
=

=

∙

∙

=

∙

(1)

(2)

where R is the bulk electrical resistivity of the formation, a is the tortuosity, is the porosity, m is the
cementation factor, Sw is the brine saturation and Rw is the electrical resistivity of the brine. The formation
factor (F) is the ratio resistivity of the rock filled with only water (R0) and brine resistivity (Rw). Empirical
measurements are required to determine a, m and n. Laboratory experiments and or more complete
explorations of the relationship between formation electrical resistivity and CO2 saturation are found in
Wagner (2016), Börner et al. (2013), Nakatsuka et al. (2010) and Xue et al. (2006).
Laboratory experiments and rock physics models for sequestration of CO2 are provided in Börner et. al.
2013. A baseline statement is that injection of CO2 will in general increase electrical resistivity of the
formation. However, there are several nuances to this statement as described by Börner,et. al. 2013. For
example, in low solute concentration formations (e.g., less than 5000mg/L) the introduction of CO2 may
increase solute concentration at the mixing front (e.g., if introduction of CO2 decreases pH). However the
solute concentrations in the Wonnerup Member are high as suggested by a combination of porosity and
electrical conductivity from wireline logs (e.g., greater than 40,000mg/L) then introduction of CO2 is most
likely to considerably decrease electrical conductivity.
It is likely that site specific factors are significant and laboratory tests would be required to establish the
relationship between formation resistivity and CO2 saturation in the Wonnerup and Yalgorup Members.
Background solute concentration (i.e., water resistivity) are yet to be determined for the Yalgorup and
Wonnerup members. For current modelling, we are content to model injection of CO2 as a uniform increase
in resistivity compared to background. For our controlled source EM finite element modelling we complete
simulations with a broad range of resistivity representing the injected CO2.

6.2.5 Time-lapse MT
Baseline numerical modelling of expected time-lapse MT responses has been completed. The geo-electrical
model is based on the Odin dynamic model (year 2050) CO2 saturation from injection at the base of the
Wonnerup Member.
The target injection zone is greater than 2500 m below ground surface and MT apparent resistivity changes
are expected to be exceedingly small even at the end of 30 years of injection. This result is expected as MT
methods are relatively insensitive to thin horizontal, relatively resistive bodies at great depth. Using MT as
the sole EM method for time lapse monitoring during CO2 is unlikely to be successful. Didana et. al. 2016
comments that controlled source EM including downhole methods would be more effective than
monitoring with surface MT alone. We also note that it’s highly likely that MT data would be collected as a
by-product of any deep penetrating EM survey as the additional effort to collect the MT data would be
small.
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EM simulations - Part 1 – Integral equation modelling
Base line simulations are completed for an electrical bipole source on or in a geo-electrical setting
comprising of blocks set within a multilayered Earth. Integral equation modelling (Sadiku, N.O., 1992), can
be considered as a highly reliable point of reference completed prior to more complex modelling (e.g. finite
element modelling). We have selected the Amira P223 EM modelling code MARCO (Xiong and Tripp, 1995).
It is well tested and outcomes are considered robust for contrasts less than approximately 1:1000 between
any anomalous 3D blocks and background layering resistivity. For the integral equation modelling the block
representing sequestered CO2 is set to a uniform resistivity of 100 Ohm m. In part 2 (i.e., finite element
modelling) we use finite element modelling to simulate EM surveys over a complex geo-electrical setting
based on the Odin dynamic model with the volume representing the sequestered CO2 set to a range of
resistivities.

Time-lapse Controlled Source Electromagnetic (CSEM) modelling
Time lapse monitoring requires repeat measurements from the same transmitter and receiver geometries
controlled source electromagnetic surveys (CSEM) during geological sequestration of CO2. The initial geoelectrical model used is based on a simplification of the geometry of CO2 saturation from the Odin Dynamic
Model for the year 2050 as indicated in the schematic provided as Figure 64.

Figure 64 Approximation of the Odin dynamic model 2050 CO2 saturations. Black dots represent survey transmitter
locations.

For the modelling shown below all Electric field ( E) and magnetic field (H) amplitudes are generated by an
antenna with unit moment (i.e., transmitting strength is 1 Am and receiver moment is also unity). The
electric and magnetic fields shown need to be multiplied by expected transmitter and receiver moment to
infer amplitudes that could be measured in field operations. Part 2 (EM finite element modelling) will

provide information on expected signal to noise and the effect of antenna moment on distribution of
measurable in electric and magnetic fields.
One measure of detectability is percent different in amplitude of the components of electric and magnetic
fields prior to and during sequestration. We define normalized difference as:

=

3

Where ENorm is the normalized difference, ETarget is the amplitude of a component of the electric or magnetic
field simulated over the geo-electrical model with sequestered CO2 present and EBackground is the amplitude
of the same component of the electric or magnetic field prior to sequestration.
The background resistivity for integral equation modelling consists of 9 layers based on resistivity inferred
wireline logs in Harvey 1 and inversion of MT data collected near Harvey 1. Examples are provided below to
highlight the impact of:
a. Transmitter frequencies (Figure 65)
b. A deep and shallow injection zones for a range of surface transmitting antenna positions
(Figure 66).
c. A comparison between percent difference for electric and magnetic fields (Figure 67).
d. Surface to hole measurement as recorded in a well (Figure 68).
e. The normalized percent differences and electric fields generated by an in-hole transmitter
(Figure 69)
Figure 65 shows the distribution of percent difference in total electric field amplitude for models with and
without a resistive block representing CO2 injection in year 2050 at the top of the Wonnerup Member. Each
plot includes the normalized response at different transmission frequencies (0.25 Hz, 1 Hz and 3 Hz). The
simple observations from figure 5 is that significantly larger percent differences occur at the surface for low
frequencies (e.g. 0.25 Hz). At higher frequencies the normalized percent difference in more tightly wrapped
around the anomalous block with elevated resistivity. Also the decreasing in electric or magnetic field
amplitude drops with distance from the source transmitter more rapidly at higher frequencies.

113

Figure 65 Distribution of percent difference in electric field amplitude for models with and without a resistive block
representing CO2 injection at 2050 at the top of the Wonnerup Member. The transmitter location is shown as a grey
bipole on the surface in each image.

Figure 66 shows the percent difference in the total electrical field for different surface transmitter locations
with respect to the anomalous resistive block. The top left-hand image has an electrical bipole transmitter
located directly above the anomalous zone representing the CO2 sequestered at the top of the Wonnerup
Member. The top right-hand image in Figure 66 has the transmitter located directly above the anomalous
zone representing the CO2 sequestered at the bottom of the Wonnerup Member.

The middle left and right images for Figure 66 have the transmitter displaced to the left of the anomalous
zone. The lower image provides amplitudes of the electric field for full layering and anomalous block geoelectrical model (i.e. model including the block representing CO2). The lower imaging provides amplitudes
that would be measured for a unit moment transmitter and receiver EM system.
The message from figure 6 is that an electrical bipole transmitter located directly over the target is poorly
located to illuminate the resistive sequestered CO2. Alternatively an offset transmitter will illuminate the
target for surface receivers on the opposite side of the target resistive block. Mapping the distribution
normalized percent difference and the electric field amplitude is essential for assessing potential antenna
arrangements for time lapse CSEM monitoring. Only a specific combination frequencies and transmitter
geometries relative to the target will be both measurable and able to detect the evolving CO2 plume.

Figure 66 Distribution of percent difference in the electrical field for different transmitter positions and
sequestration to the deep and shallow Wonnerup Member. The regions of low electric field highlight areas where
sufficient signal is unlikely to be detected.

Figure 67 shows the percent difference and amplitude in electric and magnetic fields generated by a
surface electrical bipole. Percent difference in the magnetic field is negligible at the surface.
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Figure 67 Distribution of percent difference and amplitude in electric and magnetic fields generated by a surface
electrical bipole. The left hand images are show percent differences and amplitudes for the electric field generated
by the shown transmitter and the right hand images show percent difference and amplitudes for magnetic fields.

Figure 68 shows the simulated in-hole electric and magnetic field amplitudes generated with a surface
electric bipole source. Amplitude and amplitude differences for the Ez are measurable.

Figure 68 Simulated in-hole electric and magnetic field amplitudes generated with a surface electric bipole source.
On the right hand graph, Electric field intensity is provided in units V/Am2 and magnetic field intensity are indicated
in units of T/Am. Amplitudes are displayed in log scale over more than four orders of magnitude.

Figure 69 shows the total electric field and percent differences, generated by an in-hole electrical bipole
source transmitting at 1 Hz. For a surface or in-hole measurements with an offset of -2500 m or at a depth
of 2500 m a percent difference between 10 and 20% is observed.

Figure 69 Electric fields and electric field percent differences, generated by an in-hole electrical bipole source
transmitting at 1 Hz.

The prevailing message from the analysis of EM transmitter and receiver antennas is that a combination of
In-hole and surface multi-frequency transmitting antenna and receiving antenna will be able to illuminate
sequestered CO2 consistent with the 2050 year Odin dynamic model.

EM simulation - Part 2 – Finite Element Modelling
Finite element modelling provides the flexibility to simulate EM surveys for a complex subsurface geoelectrical environment. For the South West Hub, the finite element method has allowed us to set the
background geo-electrical environment to the electrical conductivity distribution derived from the inversion
of MT data acquired along the Riverdale Road transect. The Riverdale Road MT transect is; 11 km long,
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passes the approximately 3000 m deep Harvey 1 well and (iii) passes over the well fields simulated in the
Odin dynamic model. A combination of well data, MT derived conductivity distribution and the Odin
dynamic model can be used to build the realistic subsurface conductivity distributions necessary for EM
modelling.

Monitorability of sequestered CO2 using Land-Based Controlled Source Electromagnetics
The 2.5D finite element code MARE2DEM (Key, 2012), is used for forward modelling of different EM
transmitter-receiver geometries, transmission frequencies and sequestered CO2 geo-electrical properties.
Figure 70 provides a schematic of the stratigraphy below the Riverdale Road MT transect. A generalization
of the shape of electric and magnetic field lines expected around a low frequency down-hole electrical
dipole transmitting antenna are included as blue and red dotted lines respectively. Our schematic is
intended to represent the way electric field lines from a dipole source might be distorted by the presence
of the a localized higher resistivity zone associated with sequestered CO2. It is this distortion in the
distribution electric and magnetic fields that we aim to detect with a time lapse CSEM survey.

Figure 70: Schematic representation of the geometry of electric and magnetic fields generated around a low
frequency downhole vertical electric bipole transmitter during a CSEM survey in the presence of an electrically
resistive body representing sequested CO2.

Survey Parameters
Electric and magnetic fields have been computed for surface and above zone monitoring scenarios. The
surface monitoring requires computations for a horizontal electrical dipole transmitter. The above zone
monitoring simulations require vertical electrical dipole transmitters located in the subsurface. In total 11
surface transmitters and 11 downhole transmitters spaced with 1000 m intervals were distributed
approximately over the top of the high resistivity zone representing sequestered CO2 as interpreted from
Odin Dynamic model at year 2050. Downhole vertically oriented transmitters were positioned above the
sequestered CO2 within the Yalgorup Member.
MARE2DEM’s compute time is controlled by; (a) the number of transmitters, (b) the number of
transmission frequencies required and (c) the geo-electrical model complexity. The number of receivers has
a negligible impact on the CPU wall time (see Pethick and Harris 2016). As a result, we computed and
display magnetic and electric field values throughout the full 2D X-Z section. That is, amplitude and phase
for all vector components of the electric field intensity and magnetic flux density (i.e. Ex, Ey, Ez, Bx, By and

Bz) have been computed on a 101 x 81 grid (8181 total) as might be recorded in a full 6 component receiver
field setup. Receiver spacing was 100 m along the X (horizontal) dimension and 40 m along the Z (depth)
dimension. This means that for each of the 22 transmitter positions all possible electric and magnetic field
measurements that could reasonable be acquired anywhere in the x-z plane are simulated.
For each transmitter positions all electric and magnetic fields were simulated for eleven transmission
frequencies logarithmically spaced between 0.1 Hz and 100 Hz.

Construction of the Geo-electrical Model
For modelling the background electrical conductivity is set to conductivities computed from constrained
inversion of the magnetotelluric data acquired along Riverdale Road. The background model contains major
geo-electrical structures including significant displacement across the F10 fault. The geometries seen in the
inverted conductivity distribution proximal to the synthetic wells of the Odin Dynamic model and the F10
fault are broadly consistent with geometries interpreted from 3D seismic. The vertical conductivity
distribution from inversion of MT data is also broadly consistent with that seen in wireline logging in the
well Harvey 1 mid-way along the MT transect.
The location and geometry of the injected CO2 was extracted from the Odin Dynamic simulation at year
2050 (See Figure 71). The outline of the injected CO2 was created by using CO2 saturation contour of 2.2%.
The plumes average saturations is approximately 8% with peak saturation closer to 40%.
Geo-electrical models have been computed with CO2 zone set to 75, 100, and 200 Ohm.m within
background conductivity distribution described above (See Figure 72). Once a workflow for representing
the CO2 saturated zone with new conductivity values, within the background model, is established, it’s
relatively straight forward to simulate new electric and magnetic field distributions.

Figure 71: Location of the injected CO2 relative to background electrical conductivity distribution. The sequestered
CO2 is located just above the base of the Wonnerup Member.
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Figure 72: The distribution of sub-surface electrical resistivity of the baseline (top) and target (bottom) geoelectrical models. The location of the Injected CO2 and the electrical transmitter dipole positions and orientations
are shown.

Processing of the Data
Simulation of surface and above zone EM monitoring including all the geo-electric scenarios yielded
approximately 93 million data points. As with the integral equations monitoring a normalization is
computed for each of axial components (x, y and z) of the electric and magnetic field according to equation
4 below. The normalization is then graphically displayed as a percent difference between EM fields

computed with the geo-electrical model containing the target zone (i.e. approximate CO2 saturated zone in
2050) and that computed for the background conductivity distribution (i.e. prior to sequestration).

=

(4)

The larger the normalized response, the more likely the subsurface changes due to the emplaced CO2 can
be recovered. However this is only true if the electric or magnetic fields are measurable. That is, caution is
required in areas with a high normalized percent difference, but exceedingly small electric or magnetic field
amplitudes. Detectability has two requirements:

1. The normalized percent difference with and without the target must be sufficiently
large and two;
2. The electric or magnetic fields, both before and after the resistive zone associated
with CO2 emplacement, must have sufficient amplitude to be measured.

Limits of detection
The practical limit of detection for field measurements is challenging to determine, without
empirical data obtained with specific equipment and in the relevant setting. Field data should be
acquired for realistic assessment of detection limits.
Values from research on electric and magnetic field sensors are provided in Wang et al., 2014 and
Wirianto et al., 2010. For instruments measuring electric fields a noise floor of 5x10-9V/m at 1√
f could be considered reasonable and for magnetic flux sensors a B field noise floor of 1x10-11 T at
1√ could be considered reasonable. These values represent the lowest signal recoverable after
the removal of magnetotelluric (ie. spherics) and powerline/cultural noise.
Note that all electric and magnetic field values computed assume a unit transmitter and receiver
moment. For field measurements the total moment can be increased by between 2 and 5 orders
of magnitude which translates directly to a 2 to 5 order of magnitude increase in measured
amplitudes at all receiver locations. Again it’s exceedingly challenging to estimate noise levels
without empirical data so we have computed the spatial range of measurable fields for a range of
transmitter/receiver moments.

Explanation of the Data
A panel of 9 images is created for each simulation. Images for the Ex, Ez, and By components are
shown from left to right respectively. Images for (i) the background geo-electrical model, (ii) geoelectrical model containing target CO2 and (iii) normalized percent difference between simulations
with and without the target are show from top to bottom respectively. This arrangement allows a
rapid visual assessment of locations where each component (Ex, Ez, and By) will be most readily
measurable for different combinations of transmitter frequency for each transmitter position.
All components of the electric and magnetic field has been computed. However within the panels
of images we only show the Ex (Left images: electric field in the east direction along Riverdale
Road), Ez (Centre images: vertical electric field component) and By (Right images: magnetic flux in
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the direction perpendicular to Riverdale Road) (see Figure 73). This is because the Ex, Ez, and By
components are provide the largest amplitudes. Practically Ex can be measured on the surface or
between wells and Ez can measured in a vertical well. While compact E field receivers do exist,
their noise levels are not currently comparable to that achieved with a conventional long electrical
bipole receiving antenna. Measurements of the three components for the magnetic flux can be
measured anywhere.
Only specific zones will have receiver amplitudes that are measurable given a combined
transmitter and receiver moment. We have been able to use the noise floor (Wang et al., 2014 and
Wirianto et al., 2010) to estimate the range where measureable amplitudes exist given a
combined transmitter/receiver moment increase from 100, more than 10000. These are mark as
yellow contours in the percent difference images along the bottom row of images for each panel
of 9 images.
These yellow contours show the areas in which the fields are likely detectable/measurable for the
specified increase transmitter/receiver moment above that used for modelling (i.e. unity). For
example the signal within the 1000 contour will be detectable with a transmitter moment of 1000
Am. Practically this would be an electrical bipole transmitter 1000 m long with 1 Amp current. A
moment increase significantly higher than 1000 Am is readily achievable with modern high
powered transmitters. Also a receiver moment considerably greater than unity is readily
achievable. The yellow contours representing zone with measurable amplitudes are
logarithmically represented. That is, each contour represent a requirement for at least 1 order of
magnitude more transmitter power for the full interior of the contour to be measurable according
to the criteria above.

Downhole Versus Surface Electric Bipole Transmitters
We present two of the 242 Figures generated to compare field generated by downhole and
surface transmitters for a 100 Ohm m target body (See Figure 73 and Figure 74). Two different
locations were chosen because these positions created large measurable normalized responses.
The results show that a vertical downhole electric bipole transmitter at a transmission frequency
of 0.1 Hz is more effective at generating a measurable response due to deep resistive zone for
both downhole (e.g. Ez in a well) and surface (e.g. Ex on the surface) receivers. For example, a
moment of 100 Am is required to produce a measurable response on the surface and within a
borehole. That is, a “measurable” response with an normalized amplitude difference of -12% will
be encountered with an Ex sensor at -1500 m and 1800m offsets as show in Figure 73. In contrast,
a surface horizontal electrical dipole transmitter placed at -2000 m offset requires a moment

exceeding 500 Am to produce a “measurable” normalized amplitude difference of 12%. That is a
downhole transmitter requires five times less power to produce the equivalent response at 0.1 Hz.

Figure 73: The simulated Ex (left column), Ez (centre column) and By (right column) fields for the target model with
injected CO2 (top row) and background/baseline geo-electrical model (middle row) for a downhole electric-bipole
transmitter located in the injection well 1500 m above the injected CO2 at a transmission frequency of 0.1 Hz. The
region highlighting the CO2 saturation of greater than 2.2% has been assigned an electrical resistivity of 100 Ohm m.
The bottom row shows the normalized difference percent grid (hot-cold colours) for each of the components
deviation from a normalized percent difference of 0. The overlaying yellow contours indicate the transmitter
moment that may be required to detect the electric and magnetic fields generated by the transmitter. That is,
values within the 1000 contour require a transmitter moment of 1000 Am (i.e., a 1km TX E-bipole transmitting with
a current at 1 A) to be detectable. Noise levels were estimated from (Wang et al., 2014 and Wirianto et al., 2010).

Figure 74: The simulated response for a surface horizontal dipole transmitter at -2000m offset. The survey and geoelectrical parameters are the same as Figure 73. Note that the largest percent difference at the surface occurs on
the opposite side of the “CO2 plume”. For the Ex component a moment of the order 1000 should generate small but
measurable changes associated with sequestration. For above zone monitoring from a well (i.e. Ez) a considerably
smaller Tx moment would be required.

For all modelling there will be areas prone to numerical error. Of particular note are areas of extreme small
amplitudes. We also observe numerical errors in the top few meters of the model for the z component
electric fields, where extreme contrasts in electrical conductivity exist. These zones do not present as
practical or sensible locations for measurement and as such do not present a consequential problem in the
finite element modelling.
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Effect of Transmission Frequency
Transmitter waveforms can be designed to focus energy at specified frequencies. Our modelling is completed
with discrete monochromatic frequencies in the range 0.1 to 100 Hz. Given a surface transmitter, only
transmission of exceedingly low frequencies (e.g. 0.1 Hz) produced values that could be recorded by surface
receivers. That is, an inline electric field receiver (Ex) may be able to detect the anomalous CO2 at
approximately 3.5 km offset from the transmitter dipole using a transmitter moment of greater than 100 Am.
For frequencies greater than 0.1 Hz, downhole vertical electric field receivers would have to be used to record
any anomalous signal. (See Figure 75)

Figure 75: Comparison of a horizontal surface electrical dipole source at 0.1, 0.25, 1.0 and 5.0 Hz transmission
frequencies.
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Detectability of the CO2 changes when using a downhole transmitter
Two locations have been chosen for comparison. These are at 0 m (see Figure 76) and -2000 m (see Figure
77) offset (i.e., within the injection well). At 0 m offset changes in electric field measurements due to the
presence of CO2 can be detected at the surface up to 1 Hz transmission frequency, provided a sufficiently
large source with a moment exceeding 4,000 to 5,000 Am. At -2000 m offset a larger normalized response
is encountered (20% increase in Ex field amplitude), requiring only 1000 Am for a 1Hz transmission
frequency. In both cases, downhole measurements would be preferred over any surface recordings.

Figure 76: Comparison of a downhole vertical electrical dipole source at 0 m offset for transmission frequencies 0.1,
0.25, 1.0 and 5.0 Hz.
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Figure 77: Comparison of a downhole vertical electrical dipole source at -2000 m offset for transmission frequencies
0.1, 0.25, 1.0 and 5.0 Hz.

Some Practicalities
Electric fields measured from within casing require current pathway to the formation so are best completed
in open hole or slotted non-metallic, nonconductive casing. Electric field measurement can also be made
from electrodes set behind casing. This is possible with both metallic and non-metallic casing. If done in the
presence of metallic casing clearly the casing must be considered as part of the radiating antenna system.
Electrodes set behind non-conductive non-metallic casing provide should behave as a dipole.
If this option to place electrodes behind steel casing is entertained then field experiments would be
necessary to establish the influence of casing material on behaviours of total antenna system and resulting
electric and magnetic fields at different frequencies and electrode separations.
There are also many hybrid options that combined metallic and non-metallic, non-conductive materials in
the casing string (Carrigan, et. al. 2013). Engineering of the antenna systems, including electrode geometry
and materials are essential if in-hole EM systems are to be entertained (LaBrecque and Daily 2008).
.
Both the magnetic field and the time derivative of the magnetic field can be measured within any open
hole, or any non-metallic, nonconductive well completion. Under these condition the hole or well
completion will present negligible influence on measurement such that signal to noise ratio and
repeatability should be excellent and only limited by the instrumentation selected. Certainly cross well or
surface to hole measurements can be made within steel or chrome steel casing as is demonstrated by
Schlumberger’s DeepLook-EM Crosswell Electromagnetic Imaging system (see,
http://www.slb.com/services/characterization/reservoir/wireline/other/deeplook_em.aspx). However
transmitting and or receiving in the presents of steel casing will be accompanied by a reduction in
penetration. Also any electromagnetic interactions between metallic and or conductive element of the well
completion and the transmitting and or receiving antenna will considerable increase the difficulty
associated with quantitative inversion of data collected to changes in conductivity distribution.

Some concluding remarks on Modelling
Over 200 different combinations of geo-electrical, transmission frequency and transmitter
location/orientation were simulated over the injected CO2 along the East-West oriented Riverdale Rd. The
results show that CO2 can be detected under certain circumstances. For surface based transmitters using a
horizontal electrical dipole, the transmitter waveform’s frequencies must be low (e.g. see result at 0.1 Hz)
for the CO2 to be detected. In the scenarios shown, surface Ex measurements can detect changes in
recorded amplitude of over 10%. Downhole vertical electrical measurements are preferred, and give rise to
changes in recorded amplitude of over 25% in strategically placed downhole monitoring wells. In these
cases, a minimum transmitter moment of 1000 Am is required, however total moments of greater than
10,000 Am are likely to be achievable with a combinations of transmitter and receiver moment.
There are many assumptions made for our modelling. Certainly the specific practically and engineering of
the full CSEM system must play a significant role in the ability of CSEM to detect changes connected to CO2
sequestration. Other significant variables are signal to noise in the surface and downhole environments,
and how changes in resistivity connect with sequestration of CO2 are distributed in time and space. These
variables can only be constrained by imperial experiments including field deployment of a high powered
CSEM system and systematic assessment of resulting data. These experiments have not been completed so
results must include associated uncertainties. A further highly significant variable is the ongoing and rapid
evolution the technologies that contribute to CSEM. This future is likely to include low cost permanent
CSEM recording.
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Gravity Methods
Gravitational methods are low cost, low risk technologies with potential to play a role in conformance
modelling for geological sequestration of CO2. Certainly both surface and downhole methods have been
broadly assessed (Annetts, et. al. 2012) and a small number of site scale experiments have been completed
(e.g. Dodds et. al. 2013). However the specific geological and sequestration parameters for the SW Hub
project are unique and 3D gravitational modelling based on the expected parameters for commercial scale
sequestration according to the Odin Dynamic model are required. We would also note that monitoring of a
large advancing CO2 plume that passes a monitoring well within the reservoir is certainly possible (e.g. time
lapse in-hole gravity monitoring) however we have focused on the potential for large scale conformance
monitoring from the surface or above zone wells.

VPmg modelling
Gravity modelling includes full detailed representation of changes in the gravitational field caused by
sequestration of CO2 according to the Odin dynamic model. Detailed distributions of density and density
change are needed. Gravity forward modelling was carried out with the VPmg 3D potential field modelling
package, see Appendix (Fullagar et al., 2008; Fullagar, 2010).
The gravitational acceleration is calculated based on the density change with respect to the Odin dynamic
model saturations for year 2050. The density change is computed via the relationship described by Young &
Lumley (2015), given by:

∆

=

,

where the Net-to-Gross (NTG) ratio is 0.78 (c.f. “Harvey 1 Stratigraphic Well, Research Outcomes August
2013”, p.13), φ is the Odin static porosity, SCO2 is the Odin dynamic model saturation for year 2050; ρCO2 is
set to a value of 0.7 g/cc (the density of supercritical CO2 at a pressure of 18 MPa) and the brine density
ρbrine is approximated as 1. For example, using an average value of 0.2 and 0.13 for saturation and porosity
respectively (c.f. Figure 78below), gives a density change ∆ρbulk of -0.006 g/cc. Assuming a density of 2.45
g/cc for the Wonnerup Mb, this translates to a percentage density change of 0.25%. Figure 79 represents
the density change at year 2050. This density contrast provides the input to VPmg modelling. Note that the
density contrast is conservative as the brine density will be several percent greater than 1 (according to
solute type and concentration).

Figure 78. Histograms for saturation (left) and porosity (right) of the Odin model for year 2050.

Figure 79. Density model based on the CO2 saturations from the Odin Dynamic Model for the year 2050. The base of
the Wonnerup Mb is also shown. Maximum absolute residual density is 0.01 g/cc, which represents a maximum
change of ~0.4% (assuming a background density of 2.45 g/cc).

The 2050 Odin Model was exported from Petrel to GoCAD and the Mira Mining Utilities in GoCAD were
employed for preparing the VPmg model. As with the EM modelling, the 2050 time step provides
distribution of changes in the gravitational acceleration near the end of sequestration. The domain in which
measurable changes in the gravitational field will contract around the injection intervals as time is stepped
back to the start of CO2 sequestration. Changes in vertical gravitational accelerations were computed at
grid points within the entire 3D model domain, see Figure 80.
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Figure 80. 3D model volume of the simulated gravity response with VPmg. Data points are superimposed. On
display are the surface representation of the base of the Yalgorup (top) and Wonnerup (bottom), a west-east slice
through the calculated gravity responses and virtual wells.

Downhole gravity at 5 micro-gal
The modelling result shows that the largest changes in time-lapse vertical gravitational acceleration occurs
in the vicinity of the density anomalies, which is focused around the injection zone within the Wonnerup
Mb (Figure 80). Measurable changes in gravitational acceleration appear to exist in the area within the
Yalgorup Mb above the CO2 plumes. By measurable, we mean downhole micro-gravity measurements
where response values are above the current instrument noise level of approximately 5 micro-gal (see
Figure 81and following)

Figure 81 Horizontal slice at 1200 m depth through the calculated VPmg response model. Virtual wells are
positioned across the highest anomaly responses. At 1200 m depth, a relative small region above the Wonnerup Mb
show anomalies above 5 micro-gal.

Changes in vertical gravitational acceleration are shown in virtual wells across the north-south striking
anomaly in Figure 81. The bore-hole gravity meter (BHGM) GravilogTM from Scintrex is reported to provide
measurements with a sensitivity of better than 5 micro-gals (Seigel et al., 2009). Downhole gravity

gradiometry is in development and might be an option in the future for measuring high-accuracy downhole
responses (Reitz et al., 2015).

0

0

0

Figure 82. Downhole change in gravitational acceleration in micro-gals for 3 virtual wells. The blue-coloured area
represents measureable responses greater than 5 micro-gal. Note that Wells 3 to 7 have a similar response to well
5. The area filled in blue above and within Yalgorup Member is 200 to 300 m thick. This area is marked with a red
circle and represents potentially measurable changes amenable to above zone monitoring with an in-hole gravity
metre.
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Figure 83 Top: iso-volume of gravity responses ≥ micro-gal together with the top of the Wonnerup Mb and
virtual drill holes. Centre and bottom show a west-east and north-south slice through the iso-volume respectively.
The colours indicate change in gravitational acceleration and associated colour bar is shown in Figure 81.

Figure 84 Subsurface footprint of changes in gravitational accelerating greater
than 5 microGal within the Yalgorup Member. The area is marked green and
is approximately 10 km2.

The prevailing message from the downhole gravity modelling is that
there is a region above the CO2 plumes within the Yalgorup Mb which is
amenable to downhole time-lapse micro-gravity measurements.
Changes in gravitational acceleration are above the noise threshold of 5
micro-gal, based on current technologies. The region is approximately
10 km2 (see Figure 84). High-accuracy pre-injection baseline
measurements are a prerequisite for future time-lapse micro-gravity
measurements.

Surface gravity response at 1 micro-gal
Based on the modelling results, surface based gravity measurements are not feasible with commonly used
relative or absolute gravimeters. However, with newly developed super-conducting gravimeters it may be
possible to measure the gravitational effect of CO2 sequestration from the surface. The iGrav
Superconducting Gravimeter from GWA Instruments Inc is two orders of magnitude more sensitive than
most common relative gravimeters (e.g. Scintrex CG-5). The iGrav is a portable relative gravimeter with a
precision in sub micro-gal range (c.f. http://www.gwrinstruments.com/igrav-gravity-sensors.html; Fores et
al., 2017). Figure 85 shows the calculated gravitational response for values larger than 1 micro-gal. Surfacebased measurements are possible within a footprint of about 50 km2.
Alternatively, newly developed tidal gravimeters (gPhone, http://www.microglacoste.com/gPhone.php)
may be employed, which are based on standard zero-length spring gravimeters. These are reported to have
precision of the order of 1 micro-gal, however there are currently few studies demonstrating the potential
of these gravimeters for time lapse monitoring. One recent publication that tested 3 different gPhones is
from Wahyudi et al. (2016). These tests were carried out in the context of monitoring CO2 sequestration.

Figure 85. Iso-volume for VPmg responses for 1 micro-gal or more, together with surfaces of topography and top of
the Wonnerup Mb. The volume extents to the surface in an area of about 50 km2. The footprint shows values of
vertical acceleration changes due to CO2 sequestration within 1 to 3 micro-gal.
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EM and Potential Fields Conclusions.
Monitoring will be required (i.e. for compliance) for geological sequestration of CO2. There is clear
motivation to assess all potential monitoring methods based on simulations of realistic commercial scale
long-term sequestration. Gravitational methods are the only low cost method capable of monitoring large
volumetric change in density associated with the sequestration of CO2. Electromagnetic methods are the
only low cost volumetric methods capable of monitoring gross changes in electrical conductivity
distribution linked to commercial scale geological sequestration of CO2 throughout hundreds of cubic
kilometres of earth.
Low porosities (e.g. less than 5 %) and an injection interval largely below 2500m (according to the Odin
dynamic model) certainly make the SW Hub highly challenging for conformance monitoring with both
gravity and EM methods. Even in challenging environments like at the SW-Hub project these methods must
be thoroughly assessed as they present exceedingly low cost, low rick conformance monitoring options.
For CSEM monitoring we show that only specific combinations of (i) transmitter frequency, (ii)
transmitting/receiving antenna geometry/moment and (iii) transmitting/receiving antenna arrangements
with reference to the target CO2 will detect measurable changes in electric and magnetic fields associated
with sequestration of CO2.
The current analysis assesses EM fields generated from close to 5300 combinations of source position,
frequency and geo-electrical model. Each combination produced the full distribution of Ex, Ey, Ez, Hx, Hy,
and Hz amplitude along with normalized percent difference images. Each combination is displayed along an
estimate of transmitter/receiver moment that might be required to measure electric and magnetic fields at
successively greater distances of the transmitter source.
Our modelling suggests that given appropriate selection of frequencies and Tx / Rx location then CSEM
systems can be designed to detect measurable changes in EM fields related to injection and storage of CO2
according to the Odin Dynamic model by at least year 2050 (ie. with a high powered electrical bipole
source). Combinations of Surface and In-hole measurements would appear to have the best prospect for
success. For example a system including a high powered surface electrical bipole source and above zone inhole well based receiver has the advantage that the receivers can be set in an exceedingly low noise
environment. Alternatively a high powered in-hole vertical electrical dipole transmitter set above the
Wonnerup Member has the advantage that 3D surveying of electric and magnetic fields can be completed.
This is important as we have shown that recording at far offsets may be critical for time lapse CSEM
methods.
We have computed three-dimensional changes in gravitational acceleration due to inferred changes in
density resulting from geological sequestration of CO2 according to the Odin Dynamic model. For surface
monitoring of gravitational fields it is likely that the newest superconducting gravity metres (i.e. reported
to have less than 1 micro gal detection limit) would detect measurable changes in gravitational acceleration
by year 2050. For In-hole monitoring of gravitational fields (e.g. above zone monitoring) it is likely that the
modern conventional downhole logging instruments would detect measurable changes related to
commercial scale sequestration of CO2 at the SW Hub by year 2050.
The deep low porosity storage zone targeted for the SW hub is an exceedingly challenging target for both
gravity and EM methods. Despite this it is highly likely that both methods will find value for long term
monitoring of sequestration of large volumes of CO2. On a much shorter time scale reservoir zone
monitoring (e.g. in Wonnerup) should be able to detect small volumes of sequestered CO2. Finally, we
should emphasise the need for empirical measurements, and especially field scale experiments to constrain
many of the variable (inputs) to modelling.
A detailed table compiling and summarizing information about application gravitational and
electromagnetic methods is provided as a separate excel spreadsheet. The table divides further subdivided
the methods into, above reservoir, in reservoir and surface conformance monitoring. General comments
concerning a range of topics are provided. Topics spanned are: Parameters Measured; Parameters
Detected; Basic Descriptions; Detection Limit; Spatial Resolution; Temporal Resolution; S/N; HSE; Risks;

Environmental/Cultural; Relative Costs: Initial Costs: Ongoing Cost; Practicality / Feasibility; Effectiveness /
What can be resolved? ; Technical Expertise Required For Interpretation (High, medium, low); Lowest
Practical Minimum Requirement; Implementation Limitations/Risks; Value; Equipment; Evidence
(Research); Evidence (References); comments.

Appendix – Basics of electromagnetic and gravity methods
Appendix EM methods
Electromagnetic methods are highly versatile and can probe the Earth’s electromagnetic properties from
micrometres to hundreds of kilometres into the Earth. This tremendous range of outcomes is achieved by
manipulation of EM antenna geometry and transmitted waveform. For example; the transmission of a low
frequency EM wave (less than 1 Hz) into a long electrical bipole (e.g. two metallic electrodes more than 1
km apart located under the ground) has the potential to reveal a conductivity distribution many kilometres
below the earth’s surface. Using different combinations of transmission frequency and antenna design
allows for targeting of different depths of penetration. A full description of applied electromagnetic
methods is provided in Nabigian, 1991, volumes 1 and 2. These carry the reader from theory to practise
across a large range of electromagnetic applications.
Methods for forward modelling electromagnetic responses from any transmitter (i.e., antenna) geometry
and current waveform over a range of geo-electrical environments span integral equation, finite difference
and finite element methods. For modest to low electrical contrasts as is normally the case for sequestration
of CO2 into sedimentary basin, the integral equation methods are considered highly robust (Saduku, 1991).
Multidimensional inversion is moving out of the purely academic world (Raiche, 1994) toward more routine
applications (Keys 2017). For a review of EM methods for sequestration monitoring also see Zhdanov et al
(2013) and Commer et al (2009).

Appendix Gravity monitoring
The change in gravity potential ∆ due to a density contrast ∆ in volume at distance from the
observation point is a summation of the effect of the potential of each volume element and is given by
the integral over the volume (figure below):
∆

=

∆

where is the gravitational constant with = 6.674215 0.000092
gravitational acceleration is the gradient of the gravity potential:

10

. The

∆ =
Gravity instruments usually measure the vertical component ,
directed towards the Earth’s gravity centre. Evaluating the gradient, the
change in vertical gravity acceleration can be expressed as the integral:

Z

Mass ‘m’

Y

∆

=

∆

This equation is the starting point for gravity modelling in VPmg
(Fullagar, 2008), which is the modelling software used here, where the
volume is subdivided into a grid of rectangular cells, each with a
representative constant local density. The calculated gravity response
is then the sum of the contribution of all cells (Telford, 1990, pp. 44).

r
P(x,y,z)
X

The unit of gravity acceleration is usually 1 gal = 10 m ∙ s . Typical
gravity instruments used in exploration geophysics have an instrument
precision of 0.1 micro-gal. Time-lapse gravity for monitoring purposes
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can achieve accuracies of about 5 micro-gal with deliberate measurement standards. Modern gravity
meters not yet used in standard exploration and monitoring, such as the iGrav Superconducting Gravimeter
from GWA Instruments, can achieve accuracies in sub micro-gals (Bores et al., 2017).
In time-lapse gravity monitoring, multiple surveys are required to infer changes in subsurface density.
Initially surveys have to be carried out prior to sequestration to establish baseline conditions. Resulting
gravity anomalies associated with density changes due to sequestration are calculated by subtracting
baseline measurements from subsequent measurements (Young 2012). Constant contributions from
background geology and other effects are cancelled out. The resulting residual response is used for further
analysis (e.g., Furre et al., 2017).

Appendix VPmg modelling
VPmg is a 3D potential field modelling and inversion program, designed to honour geological constraints.
VPmg utilises an adaptive mesh where the model space is subdivided into a set of close-packed vertical
rectangular prisms (Figure 86). Surface topography is represented by the prism tops, and internal contacts
divide each prism into cells with arbitrary vertical elongation. Because prism tops honour surface
topography, the effect of terrain is directly modelled and VPmg operates on free-air gravity data.
Geological units can be specified which are tied to cells (Figure 87). Geological units can have a single
property value assigned or can be further subdivided into smaller cells each having a unique value. Various
constraints can be assigned to units, boundaries and cells. The modelling and inversion modes are
explained in detail in the User Documentation (Fullagar, 2010). Here, the 3D forward gravity modelling
component of VPmg is utilised for time-lapse gravity monitoring.

Figure 86: Schematic sections illustrating the
differences between a conventional fixed mesh (left)
and the VPmg adaptive mesh (from Fullagar 2010).

Figure 87: Parameterisation of the rock property model.
Each cell belongs to a rock type with a property assigned
(adopted from Fullagar 2010).
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7 Integration and Conclusions
Caveats
The suite of simulations and results produced in this report are all based on the geological model and the
reservoir simulations provided by the project proponent. It is therefore important to note that the accuracy
of the results is therefore limited by the accuracy of those models and simulations.
The accuracy of the models and reservoir simulations are limited by the available data and the assumptions
made by the modellers. There are some significant limitations inherent in these models which will have
significant impact on these results, particularly the usefulness of pressure monitoring, as it is very sensitive
to a number of parameters such as boundary conditions, aquifer size and capillarity. The models used in
this study do not include capillarity as a parameter and the aquifer size (constrained by fault properties and
heterogeneity) are largely unknown. The observation made through this report that the pressure does not
return to hydrostatic 1000 years after the end of the injection may be related to the lack of capillarity
and/or incorrect boundary conditions. It is recommended that both of these be reconsidered as part of the
next phase of reservoir modelling.

Application of InSAR to SW Hub
Comparison of the outcomes of the InSAR assessment with uplift predicted from the geomechanical
modelling suggests that InSAR may have limited application at the SW Hub site for the scenarios
considered. InSAR satellite radar data can create high precision maps of time-varying surface ground
deformation. The ability to successfully monitor subsurface CO2 injection with InSAR surface ground
deformation data depends on the reservoir fluid-flow properties, the overburden geomechanical
properties, the ground surface environmental conditions, the quality of the InSAR satellite data and
associated image processing.
The reservoir fluid-flow properties and the overburden geomechanical properties are simulated by the
geomechanical modelling. As previously discussed in Section 4, accurate representation of the geology is
limited by the data available, the simulation software and computing power. The 3D geomechanical model
built for this study includes the best data available for the area, yet still requires a degree of simplification
of the both the faults (the number and position) the stratigraphic horizons and the intersections between
both. Nevertheless, the outcomes of the geomechanical modelling indicates the area is stable with no
failure of either the rocks or the faults. The maximum uplift predicted at the surface as a consequence of
the injection of CO2 into the Wonnerup is between 1 and 23 mm.
The two sets of satellite InSAR data examined in this study both produced images that show realistic
vertical ground deformations (uplift/subsidence) in the range of 5-20 mm/yr ± 2 mm/yr and some
horizontal motion (see Appendix 1). The vertical movement is interpreted to be associated with
hydrological forces, such as changes in groundwater level associated with rainfall and anthropogenic
activities. The horizontal movement is considered due to forces associated with local faults or regional
tectonic activity. One of the datasets examined in this study was from free or low cost medium/low
resolution L-band ALOS data. This dataset covered the entire region, but is no longer operational. The
second dataset came from the more expensive, high resolution CSK data. This dataset is sensitive to large
variations in vegetation, such that many of the areas across the SW Hub site are not coherently imaged.
These variations may be related to cyclic events such as cropping and harvest, or singular events such as
bushfires. A potential compromise may be the new, free, medium resolution C-band Sentinel data,
however, this dataset was not examined within this study.
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The range of movement predicted by the two techniques highlights the limitation of the application of
InSAR to the SW Hub, considering the data available at this time. The usefulness of InSAR depends on two
significant factors, i) the ability to obtain sufficient baseline data to account for the vertical movement, not
related to the injection and ii) the accuracy of the uplift predicted by the geomechanical model. The
geomechanical modelling predicts a very small to moderate amount of uplift, within the range of current
vertical movement. If the modelled scenarios are correct, the task of quantifying and attributing the
background noise to observe the injection related uplift may be significant. It would be reliant on sufficient
groundwater monitoring data and a hydrogeological model to calibrate the changes in groundwater level
across the area. Quantification of the impacts of changes in vegetation may also be required. The
geomechanical model would be calibrated by the injection process, however there would remain significant
uncertainty in the geomechanical characterisation of the overburden.
Table 11 Comparison of predicted range for movement for InSAR with Geomechanical modelling

Vertical
Movement

Range (mm)

Timeframe

InSAR

Uplift/Subsidence

5-20

Annual

Geomechanical
Model

Uplift

1

Maximum

Odin Calibrated
Geomechanical
Model

Uplift

23

Maximum

Monitoring strategy for SW Hub
The maximum value of any monitoring strategy is achieved when it informs a decision-making process and
is strongly aligned to reducing or addressing the uncertainty of the risks (technical, economic and social)
associated with the project. Every project will have a set of specific conformance criteria designed to
address these risks and the number of monitoring stations and the frequency of data collection (or surveys)
should be targeted at the detection and quantification of deviations from these criteria within a reasonable
timeframe. Any monitoring strategy should be implemented as a fit-for-purpose integrated, flexible system
in a cost-effective manner aligned to the monitoring objectives to the project it supports.
The SW Hub has developed a comprehensive uncertainty management plan (UMP) detailing the risks
associated with the project. There are a number of research projects and activities directed at reducing or
quantifying these uncertainties, however, some will inevitably remain. The technologies examined in this
Monitorability project were aimed specifically at demonstrating conformance monitoring for the SW Hub
project in the event of a commercial volume of CO2 injected into the Wonnerup Member. A number of
parameters were considered for each technology, including cost, infrastructure, spatial and temporal
resolution, expertise, fieldwork, lowest practical requirement, value and risks. These are described in detail
in the relevant sections of the report. A general discussion of some of these parameters is included below.
Although cost are constantly changing, some of the variables remain constant. For example, pressure
monitoring requires significant investment up front through drilling specific wells or including monitoring
component, such as installing fibre optic behind casing, in the completion plan. However, once the initial
investment is made it is relatively inexpensive system to maintain. Further, once injection is underway and
the models calibrated, the system can potentially be set-up as a sentinel system where only anomalous
signals create alerts, significantly reducing the manpower and expertise required to interpret the results,
and consequently, the ongoing cost. Seismic surveys require significant investment in infrastructure and
require significant expertise to both obtain and interpret the data. Inclusion of permanent buried arrays
and borehole seismic significantly reduce the cost of obtaining the data.

Time is also a significant factor. Pressure responds instantaneously to changes in fluid pressure, making it a
valuable tool early on in the project cycle, however, the radius of measurement can be quite small, limited
to the immediate wellbore vicinity. This means that the location and completion interval of any pressure
monitoring well or station needs to be targeted at a specific location (i.e. fault or old well). Multiple
stations, both vertically within a single well and across multiple wells will be necessary for directionality.
The earliest changes in pressure in the Yalgorup Member were detected from injection into the Wonnerup
was between six months and one year. The seismic modelling in this study was able to detect the CO2 plume
in the Wonnerup Member within 6 months of injection starting. Seismic monitoring is essential as it is able
to detect changes over a much larger footprint.
Gravity, magneto-telluric (MT) and electromagnetic (EM) methods all have potential application to the SW
Hub. The technology is rapidly developing, producing increased resolution and reducing costs. The injection
of CO2 in the Wonnerup as modelled occurs at depths the below the current resolution for most of these
techniques. However, the resolution increases as depth decreases so the technology should perhaps be
reconsidered as the project moves into the development phase. The technologies are also relatively cost
effective to deploy and permanent stations can be set up to remotely produce and return data. As with the
previous technologies, this significantly reduces the field time and manpower required and therefore the
associated cost. Processing and interpreting the data does require significant expertise, however once the
models are established and the uncertainty reduced, the time and effort required to interpret the data,
while still requiring expertise is also reduced.
However, as is the case in most CCS projects, the two primary technologies of most use to the SW Hub at
this time are seismic and pressure monitoring. A well-designed monitoring strategy integrating the data
obtained from these two technologies into the project geological model and reservoir simulations, before
during and after injection should be able to comply with the conformance requirements of the regulators
(Table 12).
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Table 12 Summary of the application of each technology to SW Hub

TECHNOLOGY

Resolution

Cost

InSAR

<1mm uplift using
current model

Satellite imagery,
Maximum uplift
relatively inexpensive, occurs end of
surface reflectors
injection, followed by
decline – longevity?

May have application
if uplift is greater than
predicted

Difficult to resolve
provenance, multiple
solutions for any
response

OTS, completion plan
for injection wells, fitfor-purpose
monitoring wells, low
expertise required

Immediate, real-time
response in injection
zone, <1 yr for above
zone, Yalgorup

Essential for
conformance, limited
for containment

High resolution for
plume and
conformance, too low
resolution for
containment

High initial cost,
reduced thereafter,
medium-to-high level
of expertise required

<each yr for the first 5
yrs; >5 yrs each five
years –incrementatl
growth of the plumes
exceed spatial
resolution

Essential for
conformance, limited
for containment

Resolution dependant Moderate initial cost,
on depth, current
reduced thereafter,
technology works
high level of expertise
required

Plume detectable at
maximum volume
over long time frame,
useful for regulators

Possible for
conformance
Regulation over postinjection time frame.
May have cost
advantages. Limited
for containment

Pressure
(injection and above
zone)

Seismic
(surface and
borehole)

EM and/or Gravity
(surface and
borehole)

Timeframe

Applicable

Comment
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