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Executive Summary
The CO2CRC Otway project (a pilot carbon storage project in Australia) has been collecting water
level data from three groundwater wells screened in the freshwater Dilwyn Aquifer since 2006. These
wells are located several kilometres away from the CO2 plume and approximately 1100m above the
storage reservoir. The objective of this project was to investigate the usefulness of monitoring these
wells for small leak detection were it to occur, and to identify better locations for groundwater
monitoring wells were they to be purpose drilled. This was done through the application of spectral
analysis techniques.
The water level dataset represents a continuous time-series prior to the injection of CO2 and
continuing post-injection. Spectral analysis of this dataset showed clear evidence of earth tides
affecting the recorded water levels in the three wells. The spectra derived from this analysis were used
to estimate aquifer properties, including specific storage and porosity. The values determined in this
way compared reasonably well with published estimates from standard pumping tests and are
significantly easier and less expensive to obtain.
A 2D TOUGH2 reservoir simulation model was built to investigate the spatial extent of the pressure
pulse and chemical plume that would be generated were a slow buoyancy driven CO2 leakage to
occur from a slightly overpressured storage reservoir. This model was originally intended to be based
on the Dilwyn Formation. However, the initial simulations suggested that the current monitoring well
locations in the Dilwyn Formation were too far away from the injection site to detect either pressure or
chemical composition changes due to the presence of leaking CO2. Subsequently, a smaller generic
model was built to test these concepts based on the scenarios developed by Class et al, (2009). In
this model CO2 was allowed to move via buoyancy from the storage reservoir into an overlying
monitoring aquifer. Considering the minimum leakage criteria of carbon storage for climate abatement,
we defined a minimum detection limit (MDL) that a shallow groundwater monitoring system would
have to achive, based on the work of Chabora and Benson (2009) and found it to be virtually
undetectable within the time frame of between 1-10 years. Further, we found that at the MDL there
was no detectible difference between the pressure pulse in advance of the CO2 plume itself (i.e. the
pressure signal arrived at the same time as the CO 2 therefore no early warning system).
The conclusions from this study are that i) spectral analysis has good application to characterizing
reservoir properties, both in freshwater aquifers and storage reservoirs and ii) the leakage rates in the
scenarios developed here are primarily driven by buoyancy and flux is so low as to be virtually
undetectable in the short term. Therefore, for groundwater wells to provide effective short-term (less
than 10 years) leakage indication or groundwater protection they would need to be located within a
few metres of the site where CO2 enters the aquifer.
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Introduction
European Union Directive 2009/31/EC states that "Monitoring is essential to assess whether injected
CO2 is behaving as expected, whether any migration or leakage occurs, and whether any identified
leaking is damaging the environment or human health" (Official Journal of the European Union, 2009).
Therefore any CCS project should have a comprehensive monitoring plan that is able to predict the
migration pathw ay of the injected CO2, detect any deviation from that path and assess and remediate
any impacts as a consequence of that deviation. Darby et al. (2009) state that "Effective long-term
monitoring of commercial carbon dioxide geosequestration sites must involve multiple and integrated
measurement, monitoring and sampling techniques in order to identify and quantify CO2 leakage."
These measurements must have definable, statistically significant detection sensitivity related to
natural variability and a clear understanding of the causes of the observed natural variations. The
majority of the work published to address these issues is focused on detection of geochemical
changes in groundwater resources (Carroll et al., 2009; Darby et al., 2009; Pauline et al., 2011).
The research described in this report looks at the application and usefulness of changes in hydraulic
potentials as a monitoring tool for groundwater resources in the vicinity of a CCS project. Monitoring
hydraulic pressure (or hydraulic head) is standard practice in the water resources industry. Sensors
and transducers that can readily be purchased for monitoring hydraulic pressures are sensitive, costeffective and robust and can remain viable in-situ for several years. The first objective is to assess if
the expected changes in hydraulic pressure due to leakage of CO2 into groundwater reservoirs, are
greater than the level of typical sensitivity of standard pressure monitoring devices. The second
objective is to provide insight into optimising of groundwater monitoring well locations for enhanced
detection performance for onshore CCS projects.
The research uses data obtained from monitoring groundwater aquifers above the reservoir-seal pair
at the Cooperative Research Centre for Greenhouse Gas Technologies (CO2CRC) Otway Project in
Australia. The CO2CRC Otway Project in the onshore Otway Basin, Victoria, is Australia's first pilot
project for the long term storage of CO2. The Otway Project has injected 65,445 tonnes of a mixed
CO2-CH4 supercritical fluid (77 mol% CO2, 20 mol% CH4, 3 mol% of minor wet gases and N2) some
2000 m below the surface into the Waarre Formation, which is capped by the Belfast Mudstone
regional seal (Jenkins et al., 2012). Injection began on March 18th, 2008 and ended on August 29th,
2009 (Underschultz et al., 2011).
There are two groundwater aquifers above the reservoir-seal pair which are used by the local
community. These are the unconfined to semi-confined Port Campbell Limestone (PCL) which is
extensively used for irrigation, dairy and domestic purposes; and the deep, confined Dilwyn aquifer
(600-800 m below ground) which has previously been utilised for urban water supply, and remains an
important water resource. These units are stratigraphically separated from the Waarre Formation by
more than 1100 m of mixed aquifer/aquitard systems. Characterization of the site indicated that the
likelihood of injected CO2 moving from the Waarre Formation to either of these aquifers is remote
(Watson, 2007; Dance et al., 2009). Nevertheless, there was strong community interest in
demonstrating that the these groundwater resources are not impacted during the injection, migration
and long term storage of the CO2 (Hortle et al., 2011b). The CO2CRC developed a hydrology and
water chemistry monitoring strategy for these two aquifers to provide assurance to the community that
the water quality at the monitoring sites was not affected by the project activities.
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The monitoring strategy began with a baseline data acquisition program for the two key aquifers in
June 2006 with the installation of water level loggers in pre-existing wells in both aquifers. Five water
sampling trips were undertaken before CO2 injection began in March, 2008 (de Caritat et al., 2012a).
The water level data obtained is necessary to establish the connectivity of, and fluid migration rates in
the fresh water aquifers, which in conjunction with the water chemistry can be used to provide
demonstrable continuity of hydrogeological and geochemical parameters pre- and post- injection
(Hortle et al., 2011b). From these monitoring activities we have a high quality, long-term dataset of
groundwater levels from pre-existing wells within both aquifers prior to, during and post- the CCS
activities. This research focuses on the confined Dilwyn aquifer as it is thick, relatively uniform
sandstone not currently in use as a water resource. In contrast, the unconfined Port Campbell
Limestone aquifer is karstic in nature and the hydrology of the system is less well understood. The
Port Campbell Limestone is also in unregulated daily use by a large number of windmills and bores.
To date, the assurance monitoring program for the groundwater aquifers has not detected any
perturbation in the baseline condition as a consequence of CO 2 injection in either aquifer (de Caritat et
al., 2012a). It is important to note that this does not necessarily indicate containment or non-leakage;
but provides assurance to the community and regulators that the natural resources have not been
impacted by the CCS activities at the location of measurement (Jenkins et al., 2012).
In this study we address the objectives by posing the question “How much CO2 would need to enter
the Dilwyn aquifer before it was detectable hydraulically and chemically at our pre-existing monitoring
wells?” (Note that in this report we are not investigating the mechanism by which CO 2 might enter the
Dilwyn, nor the likelihood of this happening, given that the CO2CRC site characterisation has shown
that it is unlikely (Watson, 2007; Dance et al., 2009).) To do this we need to understand the sensitivity
of aquifer response to external stimuli through numerical modeling. To parameterize our model we
employ the use of earth tide analysis of monitoring well water level data in the Dilwyn aquifer to
determine aquifer properties. Earth tide analysis is a technique where frequency analysis of natural
hydraulic pressure variations is employed to characterise the aquifer response to earth tides and to
thereby derive aquifer hydraulic properties. These are then fed into an aquifer simulation model to
elaborate the dynamical response properties of the system. This model can then be used to
investigate the pressure and plume behaviour of any CO2 entering the formation via, for example, a
leakage pathway from below. Through this method we will investigate the usefulness of monitoring the
current, pre-existing wells and secondly, indentify where any new monitoring wells may be located to
provide the greatest detectability and coverage for the least expense.
In addition, through this spectral analysis approach we will be deriving a baseline spectrogram of the
hydraulic pressure at the monitoring locations in the system. If, in future, departures from the baseline
spectrogram are detected, the elaborated system model can be used to estimate candidate
mechanisms for the measured departures. The practicability of this conceptual plan for detecting and
quantifying CO2 leakages based on simple groundwater monitoring techniques is considered in this
report.
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Part 1: Derivation of hydrogeological aquifer
properties for the Dilwyn Formation from the
water level data
Geological setting of the Dilwyn Formation
The Otway Project area is located within the Port Campbell sub-basin, which corresponds to the
structural feature recognized as the Port Campbell Embayment (Duran, 1986). It is an onshore
basement low in-filled with thick Late Cretaceous and Tertiary sediments (Bush and Dudding, 2010).
The surface expression of the Port Campbell Embayment is a broad symmetrical synclinal trough,
which trends parallel to the Otway Ranges High and pitches gently to the southwest (Leonard, 1983).
The topography is flat, with elevation less than 150 m above mean sea level. However, the structural
history of the basin is complex and the surface features do not represent the com plex fault geometries
at depth (Foster and Hodgson, 1995).
The Dilwyn Formation was deposited in a deep to shallow marine setting in transgression-regression
coarsening-upwards cycles. It is composed of carbonaceous and quartz -rich sands, interbedded with
clay, silt and minor gravel (Bush, 2009). It is present across the entire basin and extends some
distance offshore. The thickness varies across the basin, but within the area of interest the thickness
averages 200 ± 50 m (Figure 2). The Dilwyn Formation is intersected by a number of faults, which all
trend approximately NW-SE. The geologic model for the Otway project shows that the juxtaposition
relationship of these faults is often sand-on-sand although the transmissivity of these faults is
unknown (Hortle et al., 2011a).
The Dilwyn Formation aquifer is confined and contains potable water, which has previously been used
for urban water supply. It sits above the CO2 storage reservoir, the Waarre Formation (aquifer), and is
separated from it by at least 1100 m of alternating aquitards and aquifers (Figure 1Figure 1). The
Dilwyn Formation is in local hydraulic connection with parts of the overlying Mepunga Formation,
where adequate hydraulic conductivity exists. However, the Mepunga Formation is classed generally
as an aquitard (Bush, 2009). The Dilwyn Formation aquifer is regionally confined above by the
Narrawaturk Marl and below by the mudstones and clays of the Pember Mudstone (Holdgate and
Gallagher, 2003; Bush, 2009). Bush (2009) defines this unit as the Lower Tertiary Sandy Aquifer and
the density corrected potentiometric surface map of the Lower Tertiary Sandy Aquifer demonstrates
that it is in regional hydraulic communication, although there are areas of localized hydraulic
separation (Figure 3). The average hydraulic head values plotted as reduced water level (RWL- water
level relative to the Australian height datum (AHD)) at the wells monitored by CO2CRC are consistent
with this model (de Caritat et al., 2012a). This flow model implies that although the faults may act as
localized flow baffles, flow is continuous either across or around the tips of the faults and they do not
inhibit flow at a regional scale.
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Figure 1 Hydrostratigraphy of the Otway Basin

Figure 2 Thickness isopach of the Dilwyn Formation. The study area is marked in blue (modified
from Bush, 2009)
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Figure 3 Potentiometric surface map for the Lower Tertiary Sandy Aquifer which includes the Dilwyn
Aquifer, from Bush (2009). Close-up shows the CO2CRC monitoring wells plotted as the average
RWL (de Caritat et al., 2012a)

A review of pre-existing hydrogeological data
for the Dilwyn Formation
A review of existing hydrogeological reports and data for the area of interest was undertaken to enable
a comparison of the results of the determination of the aquifer properties from the signal processing
technique. These reports and data are summarized below.

Pumping test in Paaratte 2 (1976)
A constant rate pumping test was undertaken on Paaratte 2 (B84248) in 1976 and monitored at
Paaratte 1 (B87247) approximately 41.8 m away (the locations of the wells are shown in Figure 4).
Paaratte 1 is screened in the Dilwyn Formation (168 m thickness) between 495.3 and 609.9 mbgs
below ground surface (Bush and Dudding, 2010). The overlying Gellibrand Marl is approximately
450 m thick.

Pumping test in Narrawaturk 3 (1985)
In 1985 a series of groundwater investigations were carried out in the Mepunga and Dilwyn aquifers.
The program involved drilling two deep boreholes which were completed to allow individual testing of
the two aquifers (Leonard, 1985), the locations of the wells are shown in Figure 4. Narrawaturk 3
(B84288) is screened in the Dilwyn Formation between 792.5-807.5 metres below ground surface
(mbgs). This well is currently maintained as a monitoring well for the Dilwyn Formation. The
temperature measured here in the Dilwyn Formation is approximately 47 °C. Narrawaturk 5 (B84290)
is cased and screened between 769.5—781.8 mbgs and 794.6 – 813.2 mbgs and completed as a
pumping well. Analysis of the data obtained during the pumping tests and water sampling indicated
that both aquifers are confined. Wireline log interpretation indicated fresh water in the Mepunga
Formation between 575-650 mbgs and the Dilwyn between 762-810 mbgs. The total dissolved solids
measured in water sampled from the Dilwyn Formation are approximately 320 mg/L.
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Duran (1986) used the results of this study to map the regional transmissivity of the Dilwyn Formation,
as shown in Figure 5The transmissivity corrected for reservoir temperature (i.e the rate at which water
2
is actually transmitted through the reservoir as opposed to the production rate) is 215 m /day
(Leonard, 1985). Plots of the drawdown data from the pumping tests conducted on these wells
respond as a Theis type ideal confined aquifer and did not appear to intersect any hydrogeological
boundaries (Leonard, 1985). The results from this study confirmed that both units contained
substantial groundwater resources.

PAARATTE 1 and 2

Figure 4 Development of the cone of depression (m) at 40 days for the repeat pumping test in
Narrawaturk 5 (modified from Finlayson et al. 1990). Pumping well is marked with a square, CO2CRC
monitoring wells are marked with a circle.

Repeat pumping test in Narrawaturk 5 (1990)
In 1990 Narrawaturk 5 was again tested for hydraulic properties to assess its suitability as a water
supply well. This time the test was more comprehensive and several nearby wells were monitored for
drawdown effects. Figure 4 shows the radius of influence of the effect of pumping from Narrawaturk 5
and the wells within this radius. The authors also used the analysis of the drawdown data to locate a
flow barrier, believed to be associated with the Curdie Fault. Figure 6Figure 6 shows the hydrographs
associated with this test and their recovery rate. Narrawaturk 5 was pumped for a total of 42 days in a
constant rate pumping test (Finlayson et al., 1990).The drawdown curves from the wells that
responded to the pumping were analysed by the Theis curve matching technique, the Cooper-Jacob
straight line method and the Franke method (Finlayson et al., 1990). The recovery rate was also used
to predict the transmissivity. The results from all of these tests are summarised in Table 1Table 1.
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Figure 5 Transmissivity distribution for the Dilwyn Formation, CI = 100, minimum 700 m 3/day
(modified from Duran, 2006)

Figure 6 Hydrographs from wells within the cone of depression from the 1990 pumping tests

From this series of tests it is clear that the Dilwyn aquifer is a confined regional aquifer in good
hydraulic communication with a reasonably high and consistent transmissi vity distribution across the
region.
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Table 1 Summary of published aquifer parameters for the Dilwyn Formation aquifer
Well

Method

Transmissivity
2
(m /day)

Mepunga 25
(B78556)

Theis

303

9.8x10

-5

(Finlayson, 1990)

260

9.6x10

-5

(Finlayson, 1990)

Mepunga 25
(B78556)

Hydraulic
Conductivity
(m/day)*

Storage
Coefficient

Data source

Mepunga 25
(B78556)

CooperJacob
(1946)
Recovery

Mepunga 25
(B78556)

Theis

465

1.6 x 10

Theis

406

2.7x10

-4

(Finlayson, 1990)

360

4.2x10

-4

(Finlayson, 1990)

Narrawaturk 3
(B84288)
Narrawaturk 3
(B84288)
Narrawaturk 3
(B84288)
Narrawaturk 3
(B84288)

CooperJacob
(1946)
Recovery

275

(Finlayson, 1990)
-4

332

(Leonard, 1985)

(Finlayson, 1990)

CooperJacob
(1946)
Recovery

462

Theis

297

6.3x10

-5

(Finlayson, 1990)

373

6.3x10-5

(Finlayson, 1990)

Narrawaturk 6
(B84291)

CooperJacob
(1946)
Recovery

Nirranda 8
(B85942)

Theis

359

1.0x10-4

(Finlayson, 1990)

CooperJacob
(1946)
Recovery

260

9.0 x10-5

(Finlayson, 1990)

Theis

363

2.2

7.3 x 10-5

(Bush and Dudding, 2010)

CooperJacob
(1946)
Theis

417

2.5

1.1 x 10-4

(Bush and Dudding, 2010)

359

1.1x10-4

(Finlayson, 1990)

159

8.5x10-5

(Finlayson, 1990)

Paaratte 4
(B87259)

CooperJacob
(1946)
Recovery

Paaratte 4
(B87259)

Unknown

345

Narrawaturk 5
(B84290)
Narrawaturk 6
(B84291)
Narrawaturk 6
(B84291)

Nirranda 8
(B85942)
Nirranda 8
(B85942)
Paaratte 1
(B87247)
Paaratte 1
(B87247)
Paaratte 4
(B87259)
Paaratte 4
(B87259)

1.26 x 10

-4

353

(Leonard, 1985)
(Finlayson, 1990)

296

(Finlayson, 1990)

330

(Finlayson, 1990)

456

(Finlayson, 1990)
1.7

1.3 x 10-4

*Derived hydraulic conductivity = Transmissivity / aquifer thickness
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(Bush and Dudding, 2010)

CRC-1 (2007) and CRC-2 (2010)
Further information on the Dilwyn Formation came from two wells drilled by the CO2CRC, CRC-1 and
CRC-2. Formation pressures were measured in the Dilwyn Formation in both wells providing pressure,
temperature and permeability values.
The hydraulic pressures measured in CRC-1 and CRC-2 both lie on the same gradient and equate to
a freshwater hydraulic head value of 35 m (Figure 7). The two superimposed points measured in CRC2 lying to the left of the gradient are likely the result of a low permeability interval as the overall quality
of the test program was high. The maximum temperature measured in the Dilwyn Formation is 48°C,
from CRC-1. If we assume that the fluid recovered in the tests is only formation water, the dynamic
viscosity of water at 48°C is close to 0.5471 cp, which produces a permeability estimate between 90
mD and 1120 mD. It is more likely that the recovered fluid contains some percentage of the low
viscosity drilling mud used to drill the well. The impact of the drilling mud cannot be quantified;
however, it would likely decrease the viscosity and therefore decrease the estimated permeability.

Figure 7 Formation fluid pressure data from CRC-1 and CRC-2 and mobility data from CRC-1 at
depth below sea level.

CO2CRC Monitoring of the Dilwyn Formation
As part of the assurance monitoring program for the CO2CRC Otway Project the three available preexisting wells screened in the Dilwyn Formation were monitored for water level variations and sampled
for water composition. The location of these three wells is shown in Error! Reference source not
found.Figure 8 and Error! Reference source not found.Table 3. The monitoring program began in
2006 almost two years before CO2 injection began in March, 2008, and continued post-injection.
Permanent water level loggers, Solinst Levelogger Gold units, were installed and the water level and
temperature recorded hourly. The loggers are suspended by wire anchored to the top of the well to
maintain a constant installation depth. One well also has a barometric pressure logger installed to
allow correction for atmospheric variations. At each sampling trip (biannually), water levels have been
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measured manually using a dipmeter and recorded. The installation, downloading and reporting
procedures are documented in Hennig et al. (2007a) and (2007b) and Hennig (2007). The loggers
also measure the temperature of the standing water column at the depth of the logger. This
temperature can be used to extrapolate along a known regional temperature gradient to obtain an
estimate of the temperature at the depth of the aquifer.
Table 2: Location of water level loggers
Bore ID

Eastings*
(m)

Northings*
(m)

Z*
(m)

Screened
From - To
(m)

Total
depth
(m)

Logger
depth^
(m)

85937

652222

5740778

49.35

782.1

822.7

1,685.5

14.5

84290

661100

5734300

37.17

769.5

813.2

825.7

13.7

84291

662122

5733178

46.76

841.4

847.6

907.2

16.3

* Zone 54 and Z (depth relative to AHD) from the Victorian Water Resources Data Warehouse
(http://www.vicwaterdata.net/ vicwaterdata/home.aspx )
^ Depth below the standing water level (SWL) at time of installation

Figure 8 Location of the Dilwyn monitoring wells, relative to the CO2 monitoring well, Naylor-1 and
mapped onto the top of the Dilwyn Formation. The approximate size of the CO2 plume in the Waarre
Formation is shown
Error! Reference source not found.Table 4 describes the distance between each of the monitoring
wells, the distance to the coast and the distance to the CO 2 monitoring well, Naylor-1. Error!
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Reference source not found.Figure 8 also shows the regional direction of hydrodynamic flow, from
the NNW to offshore. From Error! Reference source not found.Table 4 and Error! Reference
source not found.Figure 8 it is apparent that if any CO2 was to leave the storage reservoir (the
Waarre Formation) and travel vertically to the overlying Dilwyn Formation all three of the monitoring
wells are a significant distance away from the source of CO 2. Error! Reference source not
found.Figure 8 also shows that the direction of CO 2-rich water would be away from each of the wells
and that any gas present would be likely to pool around the current location, or be driven by buoyancy
in approximately the same direction as the groundwater. It is therefore unlikely that any chemical
signal would be detected by any of the three pre-existing monitoring wells. One of the objectives of
this study was to identify if a pressure signal due to CO2 entering the Dilwyn Formation would be
detectible and at what scale. From this it should be possible to determine the value of monitoring
these wells and where a dedicated monitoring well should be situated.
Table 3 Distance between monitoring wells, the coast and the CO2 monitoring well, Naylor-1
Bore ID

Distance to nearest
monitoring bore
(km)

Distance to coast
(km)

85937

11

6.1

9

84290

1.6

6.9

3.8

5.9

4.7

84291

Distance to Naylor-1
(km)t

Hydrographs
The hydrographs for each of the three wells, and the atmospheric pressure trace from the barometric
logger are shown in Error! Reference source not found.Figure 9. Deviations measured when the
loggers were extracted from the well for downloading have been removed. The duration of monitoring
(and therefore the number of data points) for the wells varies, but is around four years for B84291 and
B5937. B84290 became available for monitoring only shortly before CO 2 injection began in March
2008. During the monitoring period the water level in each of the wells has responded to seasonal and
climatic variations, such as the increased rainfall in 2010. There are no currently active water well
extractions or injections in the Dilwyn Formation within this region.
None of the wells show clear evidence of the activities related to drilling of the CRC-1 and CRC-2
wells and injection of the CO2 into either the Waarre or Paaratte formations. The fluctuations in
hydraulic head within each of the monitoring wells is ~0.5 m, which equates to <1 psi (5 kPa) using a
3
freshwater density calculated from the pressure, temperature and salinity of 0.997 g/cm . The
hydraulic head values are reasonably stable with a total range in head fluctuation of less than 1 m
over the entire monitoring period. The distance between B84290 and B84291 is 1.6 km and the RWLs
are similar with a small gradient in the direction of B84291. B859937 is much further away, 11 km from
B84290 and has a much higher water level (Error! Reference source not found.Figure 8, Error!
Reference source not found.Table 4). Regional flow within the Dilwyn Aquifer is from the NNE
towards the coast to an unknown offshore discharge point (de Caritat et al., 2012b).
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Figure 9 Uncorrected hydrographs for the barometric pressure, B84290, B84291 and B85937. The
red line marks the start and end of CO2 injection
Each of the wells shows cyclic variations indicative of tidal effects. An example of this is shown for a
single two week period for well B85937 (Error! Reference source not found.Figure 10), indicating
small diurnal oscillations superimposed upon a stronger lower-frequency signal. This suggests that
these datasets may be useful to determine the elastic properties of the Dilwy n Formation aquifer using
earth tide analysis.
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Figure 10 A single two week monitoring period from well B85937 showing cyclic variations of the
water level due to a combination of earth tides and atmospheric pressure responses

Background on earth tide analysis
As the Earth rotates on its axis, the rotational forces in combination with gravitational forces exerted by
the sun and the moon induce small latitudinal and longitudinal strains within the solid matrix and cause
slight deformations of the Earth. The associated Earth deformations produce small pressure
oscillations with two dominant periods: diurnal (~24 hr) and semi-diurnal (~12 h). The magnitude of the
pressure oscillations (termed the oscillation amplitudes) is dependent on the poroelastic response of
the rock matrix which is controlled by the elastic properties of the rock, and can be up to 10 kPa (Doan
et al., 2006). The biggest tidal effect is seen in the ocean tides which oscillate by up to ten metres in
some locations around the world, while the solid surface of the Earth oscillates by only a few
centimetres (Doan et al., 2006).
The combined influences acting on the Earth’s surface define the tidal gravitational potential (energy
per unit mass) and this potential is usually represented as being composed of a finite set of tidal
components described as harmonic functions (Doodson and Warburg, 1941; Cutillo and Bredehoeft,
2011). There are five principal components which make up about 95% of the tidal potential : the M2 and
N2 semidiurnal lunar tides; the S2 semidiurnal solar tide; the O1 diurnal lunar tide; and, the K1 diurnal
lunar-solar tide (Cutillo and Bredehoeft, 2011). Each has a distinct amplitude A, frequency f, and
phase relation ; examples are listed in Error! Reference source not found.Table 1. The
frequencies are known with great precision and are common to all ocean and earth tide data, but the
amplitude and phase are characteristic of each specific data set (Merritt, 2004).
Table 4 Tidal Components of Tides (Merritt (2004))
Symbol

Angular
Frequency
(rad/hr)

Frequency
(cycles/day)

Period
(hours)

Description

O1

0.24335189

0.92953574

253819341

Principal lunar diurnal

K1

0.26251618

1.00273794

23.934469

Lunar-solar diurnal

M2

0.50586804

1.93227356

12.420602

Principal lunar semidiurnal

S2

0.52359878

2.0

12.0

Principal solar semidiurnal

N2

0.49636693

1.89598199

12.658348

Lunar elliptic

The standing water level in a well screened in a confined aquifer, fluctuates according to changes in
the hydraulic pressure in the aquifer and barometric changes in the air pressure. Changes in the
hydraulic pressure in an aquifer can be due to seasonal or climactic variations, anthropomorphic
activities and tidal forces (ocean and/or earth). In a confined aquifer most of the applied stress (ie the
source of the increased pressure) is absorbed by compression of the pore fluid (ie there is no drainage
of pores resulting in a change of the water table like in an unconfined aquifer) with a much smaller
amount absorbed by matrix or grain deformation. The amplitude of the response (which we denote by
h) is a function of the poroelastic response of the aquifer matrix system. This signal can therefore be
used to quantify elastic properties of the rocks if the relationship between the poroelastic and hydraulic
pressure responses is known. Fourier analysis of hydrographs obtained from multiple wells dispersed
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throughout an aquifer can be used to calibrate the aquifer response and determine aquifer properties
(Trefry and Bekele, 2004; Cutillo and Bredehoeft, 2011).
Barometric load will also deform the matrix of the reservoir. Semidiurnal and diurnal fluctuations in
barometric pressure are typically attributed to solar heating and cooling of the air mass near the
surface of the earth. Earth tide analyses to quantify elastic properties must account for the barometric
influence on the observed tidal signal (Doan et al., 2006).

Frequency analysis of the water level data
The time series data for each of the wells and the barometric data were processed through a fast
Fourier transform (FFT) algorithm to identify the modes (or frequencies) and amplitudes present in the
data (Trefry and Bekele, 2004). The FFT sub-divides the time series data into a series of frequency
windows dependant on the number of points in the time series data and takes the average of the
amplitudes falling within each frequency window. This results in a loss of resolution (or broadening) of
the amplitude of any peaks falling within each window. There are a number of ways to compensate for
this broadening; in this case the commonly used Hanning window correction was applied
(Trefry and Bekele, 2004):
√
Equation 1

where

represents the Fourier coefficient at the central peak frequency, and where appropriate, the

contributions from up to two neighbour coefficients

on either side are included (Trefry and

Bekele, 2004). In most cases the peaks were sufficiently well resolved that only three or two additional
coefficients were included. The average correction required for each mode was 24% for M2 and S2,
25% for K1 and 29% for O1. The usefulness of the Hanning window is demonstrated by adding a peak
of known amplitude to the data set and determining the amount of correction applied and the accuracy
of the final corrected amplitude (Table 5Table 5). The relatively large correction value is a function of
the windowing process of the FFT:
(

)
Equation 2

where the frequency window (
is a function of the number of points in the time series data ( ) and
the value of the time step between each point ( ). In the case of this data set, the value N is large
however, the time step is also large at hourly intervals. The accuracy of the FFT amplitude would be
improved by reducing the time step between data collection.
Table 5 Evaluation of the Hanning window correction
Known
Amplitude

FFT Amplitude

Hanning
Amplitude

FFT/Hanning
Correction

Hanning/Original

0.01

0.00793219

0.00991674

20%

99%
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Pre-versus Post- injection
The data logged in each of the three wells was initially separated into pre-injection and syn-to-postinjection time periods (Table 6Table 6). Each data pair from the three wells was processed using the
FFT algorithm previously referred to.
Table 6 Summary of pre- and post- data points for the three wells.
Well

Pre-Injection

Post-injection

Number of: data
points / days

Averaged PreInjection
Pressure (psia)

B84290

369 / 15.4

13.7658

26,311 / 1096.3

13.795

B84291

9,810 / 408.8

25.1606

20,025 / 834.4

25.133

B854937

9,416 / 392.3

21.1771

26,761 / 1115

21.2557

Number of: data
points / days

Average Postinjection
Pressure (psia)

The Fourier spectra from the most complete set of data, B85937 show well resolved peaks at tidal
modes O1, K1, M2 and S2 (Figure 11Figure 11). The amplitudes of the post-injection dataset are
lower than the pre-injection set and the background noise is slightly reduced. The pre-injection data
show broadening of the peaks and higher amplitudes due to the lower number of data points and the
smaller size of the FFT window (Figure 12). The correction for spectral leakage was slightly lower for
the larger data set, however, even in the larger data set the correction ranged between 26-48% (Table
7Table 7). The difference between the pre-injection set and the syn-to-post-injection set ranged from 7 to +6 % for the four modes. For both sets the M2 and S2 modes required the largest correction.
The ratio of the amplitudes of the O1/K1 and M2/S2 modes for the pre- and syn-to-post-injection
spectra was compared. There were slight differences in these ratios, however these are considered a
consequence of the FFT and not attributable to CO2CRC activities.
The Fourier spectra for B84290 was similar, however, the pre-injection data for B84290 was
insufficient to resolve any of the peaks. In the subsequent analysis the pre- and syn-to-post-injection
data set from each well were combined.

O1

K1
M2

O1
S2

K1
M2
S2

Figure 11 Pre- and syn-to-post-injection spectra for B85937
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Figure 12 Close-up of the pre- and syn-to-post-injection spectra at 0.93 cycles per day for B85937
(O1 mode)
Table 7 Spectral leakage correction for pre- and syn-to-post data for B85937

Data Set

Tidal
Mode

Frequency
(cycles/day)

Corrected
Amplitude (m)

Leakage
Correction
(%)

B85937-Pre

O1

0.930331

0.005007

21

B85937-Post

O1

0.9308

0.003729

26

B85937-Pre

K1

1.00425

0.0048002

27

B85937-Post

K1

1.0045

0.003381

25

B85937-Pre

M2

1.92948

0.005897

42

B85937-Post

M2

1.9300

0.004248

48

B85937-Pre

S2

2.00085

0.0034

44

B85937-Post

S2

1.99634

0.002278
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Description of Peaks
The tidal modes identified from the FFT frequency spectra for the combined data sets from the three
wells are shown below in Table 8Table 8 and in Figure 13Figure 13. The O1, K1, M2 and S2 modes
are well resolved in each well.
Table 8Table 8 and Figure 13Figure 13 include the Fourier spectra obtained for the barometric data.
The S2 mode is well resolved, and the K1 mode is present, but less well resolved. The amplitude
correction for the barometric data was 29% and 32% for the S2 and K1 modes respectively.
Table 8 Peaks identified from spectral analysis

Logger

Tidal
Frequency
Period
Constituent (cycles/day) (Hours)

B84290

O1

0.931

B84291

O1

0.9307

Corrected
Amplitude
(m)
25.7787
3.95E-03
25.7874

16

4.04E-03

Leakage
Correction (%)

26
19

Phase Lag
(degrees)

B85937

O1

0.9308

25.7855

4.06E-03

Barometric

K1

1.00256

23.9387

1.37E-03

B84290
B84291

K1
K1

1.00386
1.00389

23.9077
23.9071

3.63E-03
3.64E-03

B85937

K1

1.0044

23.895

3.61E-03

B84290
B84291

M2
M2

1.935
1.93458

12.404
12.4058

3.65E-03
2.85E-03

B85937

M2

1.93449

12.4064

2.87E-03

27
29
19
26
31
21
26
25

Barometric
B84290

S2
S2

1.99917
2.00232

12.005
11.9861

6.77E-03
2.01E-03

32
19

0
79.2

B84291

S2

2.00215

11.9871

1.45E-03

25

-78.3

B85937

S2

2.00216

11.9871

1.58E-03

28

-90.5

Barometric

B84290

S2

M2
O1

K1

2
S2
K1

2

B84291

B85937

M2

O1

O1

K1

K1

2
S2

M2
S2

Figure 13 Fourier spectra for the three wells and the barometric pressure
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Determination of hydrogeological aquifer
properties for the Dilwyn Formation from the
frequency analysis
Merritt (2004) demonstrates a methodology to determine aquifer properties from signal processing
techniques. These have been applied to the data derived from the three wells and compared to the
values obtained by the more traditional pumping techniques.

Barometric efficiency
The barometric efficiency is a measure of how the aquifer transmits changes in pressure due to
barometric (or atmospheric pressure) variations. Barometric pressure is considered to be uniformly
distributed surface load, where part of the stress is absorbed by the rock matrix and the rest by the
fluid. Lateral flow is considered negligible as long as the formation is extensive and there are no large
barriers to flow, such as faults. The amount of change in water level of a well in response to

. For a confined aquifer such as the Dilwyn
Formation, the open well barometric efficiency is given by (1-) (Cutillo and Bredehoeft, 2011).
barometric pressure is defined as the loading efficiency,

Examination of the barometric spectrum measured at the CO2CRC Otway site shows a clear and
distinct peak corresponding to the tidal constituent S2 (Principal solar semidiurnal) and a smaller peak
at the K1 tidal constituent (Lunar-solar diurnal) (Figure 13Figure 13). The amplitude of the peak
represents the response of the aquifer at each well to the atmospheric pressure changes. The relative
strengths of the earth tide and barometric S2 and K1 modes can be seen in Figure 13Figure 13 and is
assessed through the attenuation factor (). The attenuation factor is given by the ratio of the well
amplitude to the barometric amplitude and is equivalent to the barometric efficiency (1-)

(Table

9Table 9). The K1 mode ratio is >1, indicating that there is an earth tide component to this amplitude.
The S2 mode ratios are <1 and varies between 0.21 – 0.3, therefore it is considered that the S2 mode
is being primarily driven by barometric loading. The barometric efficiency for the Dilwyn Formation is
0.25, as determined by the average attenuation factor for the S2 mode.
Table 9 Barometric efficiency for the K1 and S2 modes

Logger

Tidal
Frequency
Corrected
Constituent (cycles/day) Amplitude
(m)

Attenuation
Factor ( )

Barometric
B84290

K1
K1

1.00256
1.00386

1.37E-03
3.63E-03

1
2.6505

B84291

K1

1.00389

3.64E-03

2.6538

B85937
Barometric

K1
S2

1.0044
1.99917

3.61E-03
6.77E-03

2.6538
1

B84290

S2

2.00232

2.01E-03

0.2970

B84291
B85937

S2
S2

2.00215
2.00216

1.45E-03
1.58E-03

0.2140
0.2330

18

Determination of inland extent of tidal influence
The properties that are able to be determined from tidal analyses are dependent on the source of the
tides – earth or ocean. The water levels in wells that are close to the ocean will be influenced by the
pressure changes associated with the oscillating tides as well as earth tides and barometric pressures.
The first step of the analysis for this data involved demonstrating that the tidal influences observed in
the Otway water wells were not caused by ocean tides.
Merritt (2004) used the equation by Van der Kamp (1972) to examine how far inland from the coast
ocean-tide oscillations propagate before exponential damping reduces the signal amplitude to 10 and
1 percent of the original amplitude measured at the coast (Figure 14Figure 14). Van der Kamp (1972)
assumed a homogeneous, fully confined aquifer of uniform thickness that extended offshore. As
previously discussed, this is an reasonable assumption for the Dilwyn Formation and the equations
described in Merritt (2004) were applied using parameters specific to the Dilwyn Formation, Equation
3Equation 3.

√
Equation 3
Where:
x = distance inland
 = period
T = Transmissivity
S = storage coefficient
Le = Loading efficiency
r = amplitude ratio (well/tide)
The ocean tidal information came from a monitoring station at the coast, ~6 km away from the wells
2
(Error! Reference source not found.Figure 8); the transmissivity (406 m /day) and storage
coefficients (2.7E-4) as determined by Finlayson, (1990) for Narrawaturk-3; and the period and
amplitude ratios for modes M2 and O1 relative to the same ocean tide modes were calculated for each
of the three wells. The amplitude ratio of the monitoring wells to the ocean tides is two orders of
magnitude smaller than the 0.01 ratio used in Figure 14Figure 14. Loading efficiency values were
varied, however, it is clear that the oscillations seen in the Dilwyn Formation wells are due to earth
tides, and the influence of ocean tides is negligible. This is also indicated by the continuation of the
Dilwyn Formation offshore. The direct connection to ocean pressure variations may therefore be at a
significant distance from the coastline.
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Figure 14 Tidal influence on peak attenuation with distance from the coast line , the red dot shows
the position of the Dilwyn Formation aquifer

Specific Storage
Merritt (2004) describes a method derived by Bredehoeft (1967) to determine estimates of the elastic
storage capacity of an aquifer. The method assumes that the oscillations caused by earth-tides and
atmospheric pressures are effectively uniform over large lateral distances and induce a
correspondingly uniform effect on the aquifer over large lateral distances. Using these assumptions,
Bredehoeft (1967) derived the following relationship between specific storage, the head oscillations in
an open well and the tide-generating potential (or force), assuming solid grains are incompressible:
[(

)(

̅

̅

)]
Equation 4

Where:
Ss


̅ ̅
a,g
h
W2

= Specific storage
= Poisson’s ratio (0.25)
= Love numbers (0.6, 0.07)
= radius and gravitational acceleration of the earth
= hydraulic head
= theoretical tidal potential

The Love numbers are used to relate the theoretical tidal potential to the actual displacements at the
Earth's surface (Bredehoeft, 1967). Values of 0.6 and 0.07 are generally used in tidal analyses (Cutillo
and Bredehoeft, 2011). Only the lunar components, O1 and M2 are used for this analyses as they are
composed entirely of earth tide influences and are not significantly affected by the barometric pressure
oscillations. Equation 4Equation 4 can be simplified to:
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(

)
Equation 5

if the amplitude of a harmonic component of W 2 of period () is given by Equation 6Equation 6

Equation 6
Where:
Km = general lunar coefficient, which accounts for the masses of the earth and moon, the
distance to the moon and the Earth's radius (53.7 cm)
b = amplitude factor, specific for each tidal component
f() = is the latitude function
The values for specific storage calculated for the O1 and M2 modes of the three wells using the
simplified Equation 5Equation 5 in combination with Equation 6Equation 6 are given in Table 10. The
storage coefficient is calculated from the specific storage value assuming an aquifer thickness (B) of
200m, which, as previously discussed, is the average thickness for the Dilwyn Formation in the area of
interest.
Table 10 Specific storage and storage coefficient calculated for the three wells, O1 and M2 modes,
where B = 200m

Logger

Tidal
Amplitude
Constituent Factor, b

B84290

O1

B84291
B85937

O1
O1

B84290

M2

B84291
B85937

M2
M2

Latitude

f()

0.377 sincos

38.52351
38.5350556
38.5350556
38.4683444

0.908 0.5cos 
2

Specific
Storage
(10-6 m-1 )

Storage
Coefficient
(Ss * b) (10-4 )

1.93

3.85

1.88
1.88

3.76
3.75

3.15

6.30

4.03
4.02

8.07
8.05

The values show some differences between the two modes, with values for the M2 mode being higher
than those for the O1 mode. In addition, although the O1 values are reasonably consistent between
the three wells, the value from B84290 mode M2 is considerably smaller compared to B84291 and
B85937. Examination of the tidal modes O1 and M2 for each of the wells shows that the M2 mode is
less well resolved for all three wells. Therefore, for the Otway wells the average specific storage value
-6
-1
of 1.90x10 m for the Dilwyn Formation is preferred.
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B84290

B84290

B84291

B84291

B85937

B85937

Figure 15 Comparison of the O1 (left) and M2 (right) modes for the three wells

Porosity
Cutillo and Bredehoft (2011) described the following relation for barometric efficiency and porosity,
originally derived by Jacob, (1940), and assuming solid grains are incompressible and atmospheric
loading causes only vertical strain:

Equation 7
Where the compressibility of water (f ) is assumed to be 4.4x10 Pa and the density is 1 g/cm .
Using the specific storage values determined for the O1 and M2 modes and the barometric efficiency
-8
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-1

3

determined from the S2 modes, the average porosity of the Dilwyn Formation is estimated to be 10%
for the O1 mode and 20% for the M2 mode. Typical porosities for sandstones are between 5-35%
(Crain, 2010). The Dilwyn Formation is known to consist of permeable, consolidated sandstone and
published estimates of the regional porosity range between 25 – 40% (Bush, 2009). The porosity for
the Dilwyn Formation estimated using the frequency analysis method is therefore lower than expected.

Transmissivity
As previously discussed, for a well to respond to pressure changes in the aquifer, water must move
into or out of the well. It is generally assumed that the change in water level in the well is equal to the
change of pressure head in the aquifer (Cutillo and Bredehoeft, 2011) Hsieh et al. (1987) showed that
even when the change in pressure head in the aquifer is approximately equal to the change in water
level in the well, a phase shift exists due to the time required for the water to diffuse between the rock
matrix and the well and that in a confined aquifer all of the applied stress is absorbed by compression
of the fluid (Cutillo and Bredehoeft, 2011).
Trefry and Bekele (2004) describe a method to determine phase lag relative to a Dirichlet boundary
condition. Their example used ocean tides as the boundary condition. The phase lag determined for
each of the wells using the S2 mode and assuming the barometric pressure as the boundary condition
is shown in Table 8Table 8, (Trefry and Bekele, 2004). Hsieh et al. (1987) derived a set of curves to
relate the phase shift (or lag) to the specific storage, however, Merritt (2004) considers these curves
2
are only valid for transmissivity values of up to 10 m /day , which is an order of magnitude below the
values obtained from pumping tests within the Dilwyn Formation (Finlayson et al., 1990). Therefore,
using this set of curves it is not possible to determine transmissivity for these wells. It may be possible
to further develop the Hsieh model to determine transmissivity values.

Comparison of pre-existing and derived
hydrogeological aquifer properties
Finlayson et al. (1990) summarise the results of the pumping tests carried out in the Dilwyn Formation
-4
and state the storage coefficient to be "of the order of 10 ". The storage coefficient calculated by the
-4
earth tide analysis and using the O1 mode is 3.77x10 . Although this compares well, Finlayson's
statement points toward the inherent inaccuracies in determining a value for storage coefficient. There
are many geological factors that influence the final value, such as heterogeneity, porosity and
permeability, faults etc. In addition, there are uncertainties associated with the met hod of testing,
including the volume and rate of fluid extraction, radius of influence around the well, accuracy in
measured lithology, and perforation depth. Both the Theis method and the Cooper-Jacob methods,
which are very commonly used, require estimates in aquifer thickness, assumption of radial flow and
constant flow, among others. Given these uncertainties the storage coefficient determined using earth
tide analysis seems to be comparatively, as useful as the more traditional pumping test.
The advantage of using earth tide analyses as described here, are that the instruments are
inexpensive off-the-shelf items, which can be installed and downloaded either remotely or at large
intervals. They can be installed in a large number of wells for relatively little cost. The aquifer
properties derived in this report can be used as inputs into reservoir simulations for understanding the
impacts of CO2 on freshwater aquifers in the vicinity of a CCS project.
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Part 2: Modelling the effects of CO2 entering
the Dilwyn Formation
Minimum detection limits
An objective of this project was to carry out a series of reservoir simulations to determine the
detectability of a pressure signal associated with CO2 leaving the storage container and entering a
freshwater resource that represents the minimum criteria for successful carbon storage for climate
mitigation (i.e. less than 1% leakage per 1000yrs (IEAGHG 2008). If detecting this level of leakage is
not possible with shallow wellbore sensor technology, the usefulness of this monitoring methodology is
diminished unless advances can be made on sensor sensitivity. To do this, a minimum detectible limit
of pressure (MDL) was required. Chabora and Benson (2009) set up a simplified geologic model and,
using an analytical approach, systematically varied the input parameters (formation permeability and
thickness, volume, rate and time of CO2 injection) to investigate the range of pressure changes
associated with fluid migration through the caprock into a monitoring formation (Table 11, Figure 16).
This generated a dataset of over 35,000 geologically realistic data points. Taking into account
variations in pressure due to natural fluctuations, earth tides, drift and gauge limits, they set the limits
of pressure detection in the overlying monitoring formation as "unlikely" at <1000 Pa, "marginal" at
1,000 to 10,000 Pa and "likely" at >10,000 Pa (Chabora and Benson, 2009). Plotting their dataset as a
frequency histogram and superimposing their limits of detectability they showed that the majority of the
cases investigated (over 75%) result in a pressure signal that will either be “marginally” or “likely”
detectable (Figure 17). For this report we set the MDL at 1000 Pa.
Table 11 Parameter ranges used for the sensitivity studies of pressure build-up (Chabora and
Benson, 2009)

Injection
Rate, Q
(106 T-CO2/yr)

Permeability,
ks,m
(mD)

Permeability,
kc
(mD)

Thickness,
Hs,m,c
(m)

Radial distance
from injector
well
(m)

Time
(yr)

0.25

1

0.01

10

0.5.

0.1

0.5

10

1

100

1

1

1

100

100

300

2.5

10

1000
10000
Where s = storage reservoir, m=monitoring zone and c= caprock/seal;
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Figure 16 Simplified geologic model to investigate pressure propagation through caprock (Chabora
and Benson, 2009)

Figure 17 Frequency histogram of pressures predicted in the monitoring zone (Chabora and
Benson, 2009)
The gauges installed in the wells monitoring the Dilwyn Formation consist of a submersible pressure
transducer and a datalogger. The unit is submersed in the well below the surface of the water. The
pressure transducer measures the pressure above the inlet point. This includes the pressure induced
by the weight of water and the atmospheric pressure. The barometric pressure must be measured at
the same rate and time as the water level to allow accurate barometric compensation. The resolution
of these gauges is 0.0006% full scale (FS). FS is 10m, giving a resolution of 0.006 cm and a typical
accuracy of 5 mm (Solinst, 2010). This means that these gauges are able to detect extremely small
changes in pressure (or water level). The amplitudes of the peaks detected in the Fourier spectrum
and used in the frequency analyses were less than typically of the order of 3 mm.

Modelling
The numerical simulations in this study were carried out using PetraSim5, a commercial platform for
the TOUGH2 modelling code (Pruess, 1991). TOUGH2 is a mature non-isothermal, multiphase,
multicomponent reservoir simulator widely used in CCS studies. It is able to model the injection of CO2
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into deep, saline formations and includes the dissolution of CO2 into saline formation water. The
objective of the modelling was to investigate the smallest amount of supercritical CO2 “injected” into
this formation detectable by a pressure gauge set at a specified distance from the leak point.

Initial Conditions
The model was set-up to replicate the modelling undertaken in the code comparison study by Class et
al (2009). The objective was to investigate the pressure changes associated with CO2 moving into a
freshwater aquifer via a vertical pipe under buoyancy. This represents a leak through a theoretical
cap rock via an unpredicted permeable pathway. The model consisted of a reservoir layer, into which
the CO2 was injected overlain by an aquitard layer, overlain by the monitoring aquifer (Figure 18).

Leaky well

Figure 18 Conceptual model (modified from Class et al., 2009), radial model domain contained with
box
The simulations were performed within a 2D radial domain and t he top of the domain was set at a
depth of -800 m (to maintain supercritical CO2) with a uniform thickness of 160 m and a radial extent of
10,000 m. The reservoir layer and the aquifer layer are both 30 m thick and the aquitard layer is 100 m
thick. The reservoir and aquifer layers are divided in the vertical direction into 6 cells and the aquitard
into 20. In the horizontal direction there are 52 cells increasing laterally by a factor of 1.2 for a total of
1664 cells. The top and bottom of the model are set as no-flow boundaries and the boundary at
10,000 m is fixed at constant (hydrostatic) pressure to allow flow. Both the top and bottom boundaries
are flat (Figure 19Figure 19).
The injection well is located at the bottom left corner and is perforated across the entire 30 m reservoir
3
3
interval. The individual volume of each cell is 0.35 m for a total volume of 2.12 m . The injection rate
was kept constant at 100 kg/s to maintain the pressure in the reservoir unit below the estimated
fracture pressure.
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Figure 19 Model domain showing injection well bottom left and the vertical pipe
The model was parameterised using published and derived hydraulic values for the Dilwyn Formation
(see previous section) and from CRC-1 and CRC-2 (Table 12Table 12). The initial intent was to
attempt to simulate the actual Dilwyn aquifer, however, as the top of the unit in some of the monitoring
wells is above the minimum supercritical depth the depths were modified to simulate injection at the
depth required to maintain supercritical CO2. It is important to note that this project does not seek to
investigate how likely it is that CO 2 would ever reach the Dilwyn Formation, but rather the minimum
detectability of an induced pressure change. No hydrodynamic flow has been incorporated into the
model as it was considered that the flow rate would not impact the pressure distribution at this scale.
Table 12 TOUGH2 Model Initial Conditions

Permeability (m2)
Kv/Kh
Porosity
Pore Compressibility (Pa-1)*
Thickness (m)
Initial Pressure @ mid-interval (Pa)
Residual Gas Saturation, Sgr
Temperature (°C)
Salinity (mass fraction)
Grid

Sand (Reservoir and
Aquifer)

Seal (Aquitard)

3.89E-12
0.1
0.20
4.50E-10
30

1.0E-21
isotropic
0.15
4.50E-10
100

8.8E6
0.2
52 (isotropic)
1.03E-03
2D radial, irregular, 3 layers, 1664 cells

* (Birkholzer, 2007)

Injection of CO2 plume
The initial condition required the injection of sufficient CO2 to create a plume, without overpressuring
the reservoir. The initial hydrostatic pressure in the reservoir was derived from the pressures
measured in CRC-2. The salinity and temperature remained isotropic for simplicity.
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The injection of CO2 (at a rate of 100 kg/s) was apportioned according to k*h for 231 days (2.0E7
seconds until two million tonnes accumulated in the reservoir below the seal. Figure 20 shows the
change in pressure (Delta P) resulting from subtracting the pressures calculated in the final step of the
injection simulation from the hydrostatic pressure. This produces a plot of the change in pressure
resulting from the movement of CO2. The injection of CO2 produced a small amount of overpressure
(1.86 MPa above the initial hydrostatic pressure). There were no vertical pressure effects seen in the
overlying aquifer. The lateral extent of the CO2 plume at a cut-off of 0.01 gas saturation (Sg) was
1,290 m and the lateral extent of the pressure (to the cut-off point of 1000 Pa) was 9,906 m in the
reservoir. At the injection point, the increased pressure in the reservoir extended vertically into the seal
to a distance of 15m (at the 1000 Pa cut-off). Laterally, the increased pressure extended to 9,814 m
from the injection point and at this distance still extended vertically into the seal to 10 m. The lateral
extent of the pressure in the reservoir was limited by the fixed boundary condition which contributes to
the amount of overpressure in the reservoir and in the nearest boundary of the aquitard. The degree of
overpressure in the reservoir will increase the rate of CO2 movement into the aquifer.

Figure 20 Close-up of the base case showing the change in pressure relative to hydrostatic (left)
and the CO2 plume (right) in the reservoir and in the base of the aquitard (aquifer not included)

Leak above well, post-injection
To allow the CO2 to leave the reservoir, the material properties of a single column of cells directly
above the well were changed from "seal" to "sand", thus giving the CO2 a vertical permeable pathway
through the seal, essentially simulating a narrow, high permeability "pipe", with radial coordinates
2

(1.01, 81.5°), XY area of 0.15 m , length 100 m and permeability of 0.394 D. This represents a worst case scenario as the leak occurs directly above the thickest, highest pressure part of the CO2 plume.
In this case vertical migration is driven by the small hydraulic gradient induced by the overpressure,
and buoyancy effects. After 1 year the maximum volume of CO2 estimated to have entered the
2
monitoring aquifer was only 4,190 kg, assuming a maximum flow rate of 0.001 kg/sec/m over the
entire period (Figure 21Figure 21).
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Figure 21 Flow rate of CO2 into the monitoring aquifer
Not surprisingly this small volume of CO2 produced a very small plume and a correspondingly small
pressure signal. Figure 22Figure 22 shows the pressure and gas saturation (s.g.) as the difference
between the modelled scenario and the pressure at the final step of the injection simulation. The
pressure scale ranges from 0-1000 Pa and the s.g. scale from 0-0.1. Therefore any change in
pressure above 1000 Pa or in s.g. above 0.1 appears as solid red. This produces a band of higher
pressure in the base of the aquitard where the pressure has increased during the injection period and
because of the low permeability in the aquitard, has drained more slowly during the leakage process.
This produces a net increase in pressure, relative to the original hydrostatic. The pressure signal in
Figure 22Figure 22 extends only 3 m laterally into the aquifer. It is evident from this scenario that only
a very small volume of CO2 is leaving the container under these conditions and it is very unlikely that
this signal could be detected either chemically or with pressure.

Figure 22 CO2 pressure signal (left) and plume (right) in the aquifer after 1 year of flow
The next set of simulations was designed to exaggerate the signal by increasing the area of the pipe
2
to 0.81 m (radial coordinates (1.29, 51°)), the permeability and length stayed constant. In this case
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the volume of CO2 entering the aquifer after 1 year increased to 5,440 kg, using the maximum flow
2
rate achieved in the model of 0.0013 kg/sec/m over the entire period. The pressure signal (using the
previously defined minimum detection value (MDV) of 1000 Pa) and the CO2 plume (cut-off at 0.1 Sg)
extend laterally by 6 m and there is no significant difference between the two (Figure 23Figure 23). As
expected, the pressure plume extends much further into the formation; however, at distances greater
than 6m it is below the MDL.

Figure 23 CO2 pressure signal (left) and plume (right) after 1 year of flow
The simulation was allowed to run to 10 years, producing a larger pressure signal and CO2 plume. In
this case, again using the detectibility limits defined earlier, the limit of detection of both signals
increased from 6 m to 73 m (Figure 24Figure 24). Once again, the total pressure signal extended
much further, however at distances greater than 73 m from the leak point the change in pressure was
below the MDL and therefore not detectible.

Figure 24 CO2 pressure signal (left) and plume (right) after 10 years of flow
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Figure 25 Increase in pressure (left) and CO2 saturation (right) with time at 70 m laterally from leak
point
Figure 25Figure 25 shows the changing pressure and CO2 saturation at a monitoring cell ~70m from
the leak point in the overlying aquifer. In this plot, there begins to occur some slight difference
between the timing of the pressure signal and CO2 plume. The MDL (1000 Pa) is achieved after 7.42
years, while the saturation reaches 0.1 earlier at 6.85 years. In both cases, however, a monitoring well
at this location would need to be screened within the top 3 m of the aquifer interval or it would not
"see" these changes.

Leak into a compartment, post-injection
To investigate worst-case scenarios, a set of simulations was run where the CO2 was allowed to
escape vertically under buoyancy into the overlying aquifer which was confined in all directions by a
permeability boundary at 5 km. This might represent a aquifer within a fault block with sealing faults on
2
all sides. The diameter of the pipe remained 0.81 m , the permeability and length stayed constant. The
simulation was run for 10 years. The pressure in the compartment increases until the change in
pressure within the entire compartment is greater than the MDL, however at this time, 2.16 years, the
CO2 plume extends only 20 m into the formation (Figure 26Figure 26, Figure 27Figure 27). In this
case, pressure is a more useful tool to detect CO2 compared to direct chemical methods.
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Figure 26 Pressure build-up in a confined compartment

Figure 27 Pressure (left) and CO2 plume (right) in a compartment at 2.16 years

Leak above well, while injecting
To maximize the amount of CO2 leaving the reservoir and to investigate worst-case scenarios, a set of
simulations was run where the CO2 was allowed to escape vertically into the overlying aquifer while
the injection of CO2 was still underway. This increases the vertical driving force of the CO2 upward
movement, increasing both the rate and volume of CO2 moving into the monitoring aquifer. The model
was set up as before, with the pipe simulated by a column of high permeability cells. In this set of
simulations the pipe was located 10 m away from the edge of the model and had an XY area of 1.93
2
m . The CO2 was injected through the well at the same rate (100 kg/s) and the simulation was run for
6 months. At the end of this time there was a significant difference in the pressure signal and the CO2
plume (Figure 28Figure 28). The CO2 plume extended a distance of 141 m and had a maximum
thickness of 30 m (the thickness of the aquifer) for 15 m adjacent to the entry point of the CO2. The
thickness at 141 m was reduced to 2 m. In contrast the pressure signal at the MDL was uniform across
the entire aquifer interval and extended laterally to 6,200 m (Figure 29Figure 29).
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Figure 28 Pressure signal (left) and CO2 plume (right) after 6 months injection

Figure 29 Pressure signal (left) and CO2 plume (right) 6 months after injection
In this scenario the change in pressure reached the MDL quickly at significant distances from the leak
point. However, this represents an extremely unlikely scenario of injection into reservoir and CO2
escaping immediately via an undetected fault or leaky well.

Sensitivity analysis
The majority of studies describing simulating injection of CO2 into reservoirs have been concerned
with the dynamic properties of the plume and the effects on pressure of large volume injections. The
response of a reservoir to small injections is the same in many respects. To understand the sensitivity
of the pressure distribution and response of the reservoir to low volumes of injected CO2 several
different parameters were examined. These are discussed below.

Vertical Permeability
The properties of the vertical pathway the CO2 follows when leaving the storage container is a critical
factor controlling the total volume of CO2 that eventually makes its way to the monitoring formation. A
set of simulations was run where the vertical permeability of the pipe was increased from 0.4 Darcy to
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4 Darcy. In this case, the pressure and the CO2 plume begin to separate, the pressure MDL extends to
78 m and the CO2 plume (cut-off at 0.1 sg) to 73 m. The lateral pressure pulse at the top of the
aquitard unit is a consequence of the change from low to high permeability.

Figure 30 Pressure (left) and CO2 plume (right) after 1 year

Pore compressibility
The compressibility of the pores has been shown to have a significant impact on the pressure build-up
(Birkholzer, 2007). Higher pore compressibility means more of the strain is absorbed by the matrix and
2
the resultant pressure plume should be smaller. The model with the pipe area of 0.81 m and postinjection leak was re-run with the initial pore compressibility of 4.5E-10 increased 4.5E-09 and
repeated with the pore compressibility decreased to 4.5E-11. At these volumes of CO2 and short time
frame there was no significant difference in either the change in pressure signal or the CO2 plume
relative to the initial set of simulations.

Residual Saturation
The residual saturation controls how "sticky" the CO2 plume is. Higher residual gas saturation means a
less mobile CO2 plume and vice versa. To investigate the importance of this parameter at this scale of
leak the residual saturation in the reservoir, the aquifer and the pipe was varied between 0.1 and 0.3.
There was no significant difference observable in the results.

Overpressure in the storage reservoir
The rate and volume of CO2 moving out of the reservoir is a function of buoyancy and the pressure
within the plume. The rate and amount of pressure build-up and plume dimension consequently seen
in the monitoring aquifer is a function of the ability of the aquifer to dissipate the pressure and dissolve
the plume. Therefore, if the aquifer properties remain constant, increasing the rate and volume of the
CO2 entering the aquifer should increase the radius of both the pressure change and the plume and
increase the radius of detectability. To investigate the impact of higher pressure in the plume and
hence a higher rate and volume of CO2 on the MDL, the volume of CO2 stored in the reservoir was
2
doubled to 4E6 tonnes and a leak simulated as previously, with a pipe diameter of 0.81 m . The
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simulation was run for 10 years. The rate of CO2 entering the aquifer increased to 0.002 kg/s and the
volume to 638,000 kg (638 tonnes) after 10 years. The increase in the pressure and the CO2 plume in
the aquifer is of the order of 3m (Figure 31Figure 31). In addition, the pressure in the top of the seal
increased as a consequence of the increased pressure in the reservoir. In this scenario, the risk of
fracturing the seal is increased, while the detectibility of the CO2 is only marginally increased.

Figure 31 Change in pressure (left) and CO2 plume (right) after 10 years

Discussion
The original objective of the project was i) to investigate the use of earth tide analysis to determine
aquifer properties for the Dilwyn Formation and ii) to investigate the smallest pressure signal due to
leakage of of CO2 detectable in the Dilwyn Formation and whether that signal would be detected in
the hydrographs obtained for the aquifer using earth tide analysis techniques. Finally, does this
detection limit exceed what would be required for a carbon storage project to be a successful in
climate mitigation terms (i.e. less than 1% leakage over 1000 yrs).
The datasets obtained from the wells monitoring the Dilwyn Formation contained clear earth tide
signals, not related to ocean tides. The data were processed and aquifer properties such as specific
storage, storage coefficient and porosity were calculated. The possibility of determining the
transmissivity was also investigated but a suitable method was not found. The storage coefficients
determined using the earth tide analysis were the same order of magnitude compared to those
determined from a pumping test in the same well. However, examination of the full set of storage
coefficients calculated for the area from pumping tests show variations of up to two orders of
magnitude. The reasons for this are likely to be related to the inherent difficulty in estimating regional
properties from a few points measured within a heterogeneous formation and the assumptions
involved in the analyses. Both methods of determining specific storage contain inherent assum ptions
that may influence the final value. For example, the pumping tests assume radial flow across a fully
screened interval. The porosity values determined from the earth tide analysis were low, but compared
reasonably well with values published for the Dilwyn Formation. Unfortunately there were no well
specific porosity measurements to compare with.
In conclusion, the earth tide analysis process shows definite potential for defining rock properties for
aquifers in the vicinity of a CCS project. These aquifers may be either freshwater resources or saline
aquifers overlying the CO2 storage reservoir and have potential to be used as a monitoring horizon. In
either case, it is likely that there is very little data available to characterize the aquifers. Installation of
water level loggers provides an inexpensive method to gather data over a long period of time, before
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and after injection starts. Rock properties determined from the analyses can be directly fed into
reservoir simulations to model the response of the aquifer to the presence of CO2 were a leak to occur.
The results of the numerical flow simulations carried out in this project demonstrate that the pressure
signal associated with buoyancy driven leaks is controlled by the CO2 plume dimensions. As expected,
the increased pressure footprint was much larger than the CO2 plume itself; however, at the MDL the
pressure was the same (within the limits of the simulation package) as the dimensions of the CO2
plume (assuming a cut-off of 10% gas saturation). Under these simulation conditions, despite
modeling worst case scenarios the absolute volume of CO2 entering the aquifer was extremely small,
only a few hundred tonnes, over the time frames investigated. Therefore, the corresponding radius of
the plume was also very small, of the order of tens of metres even after 10 years of CO2 influx. In most
cases, the vertical thickness of the plume and the pressure signal was only a few metres except for
leakage into a compartment. The radius and dimensions of the pressure and chemical perturbations
did not vary significantly when the parameters that control CO2 movement were changed in a
sensitivity analysis.
The implications from this set of simulations are that leakage rates from storage units may be
extremely low and therefore very difficult to detect in the short term. Consequently, to detect a small
leak in the short term (i.e. between 1 and 10 years) at a monitoring well, the well would need to be
located directly over the leak. In these cases, pressure is not necessarily a better tool for detecting
CO2 than direct chemical methods. Nevertheless, the earth tide analysis may still have application.
The spectral analysis is measuring very small changes in water level (~3mm) and is dependent on the
resolution of the peaks which is dependent on both time and frequency of data collection. In this
report, we have defined the baseline spectra of the Dilwyn Formation aquifer within the fluctuations of
the normal environmental conditions. The next stage of the investigation is to develop a model that will
simulate the effects of fluid moving either into or out of the monitoring aquifer on these baseline
spectra.
In either case, the limited vertical thickness of the plume requires a monitoring well be screened at the
top of the monitoring interval to detect changes due to the presence of CO2. Only in circumstances
were the CO2 is moving into a compartment or if the rate of CO2 movement into the formation is
significantly increased by an additional driving mechanism other than buoyancy is imposed, does the
MDL for the pressure exceed the lateral extent of the CO2 plume.
In the case of the CO2CRC Otway Project, the simulations were based on data for the confined
Dilwyn Formation. The nearest pre-existing groundwater monitoring well from the monitoring well,
Naylor-1, is 3.4 km away. The results of this work suggest that none of these wells would detect CO2
entering the formation under buoyancy from a leakage associated with the Naylor-1 well. This is likely
to be the case for the majority of pre-existing water wells. For a pre-existing well to have application in
detecting the presence of CO2 or the impacts from the presence of CO2 it would have to be very close
to the leakage point of the CO2 and be screened at the very top of the permeable interval. Monitoring
any pre-existing wells that were suitably located should include both pressure sensors and chemical
sensors.
What this work begins to describe is the risks associated with monitoring a non-storage aquifer, where
the detectability of changes due to CO2 is likely to be very small. Most pre-existing water wells will not
be optimally located relative to the plume or potential leak sites to detect any changes due to CO2 in
the short term. Therefore, the risks associated with collecting and analysing data from these wells is
that the data may have nothing to do with either assurance monitoring or carbon accounting.
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Nevertheless, because of their importance as water resources, the aquifer will need to be
characterised and have a minimum set of parameters determined to produce a geological model
suitable for reservoir simulations. Some of this data may come from coincidental seismic data obtained
when imaging the storage reservoir. Water level logging and earth tide analysis is another method to
increase this dataset. There will need to be a set of simulations run to understand what the impacts of
CO2 entering the formation will be, including pressure, chemical and geomechanical impacts. For
example, what volume of CO2 will enter the formation before it is detectable and begins to affect water
quality; what is an acceptable volume in terms of project success and stakeholder acceptance; how
long must a leak occur before it becomes detectible and how long can a leak occur before
stakeholders become concerned. Once these parameters begin to be understood the necessity and
location of monitoring wells will be clearer. For the CO2CRC Otway Project, only a monitoring well
directly above the Naylor-1 well completed in the Dilwyn Formation would have detected any
movement of CO2 out of the storage reservoir at this location.
The other component of the groundwater monitoring is to provide assurance to the users of the
potable groundwater resource. To this end, the three groundwater wells screened in the Dilwyn
Formation closest to the monitoring well, Naylor-1, were instrumented and monitored and the data
provided to regulators and stakeholders. As previously stated, none of these wells would have been
able to detect any changes due to CO2 leakage. However, this raises the question of the value of
monitoring the wells at all if it can be demonstrated that a significant leak could occur without any of
these wells detecting any changes. There is a risk that by providing assurance that this well has seen
no changes may be misinterpreted as providing assurance of containment more broadly, which would
not be the case. In this case, it might be recommended to not monitor the well at all, or to only monitor
it in conjunction with a comprehensive water sampling and pumping program. The pumping
component would be useful to expand the radius of drawdown and hence sample a greater volume of
water.

Conclusions
In conclusion,


earth tide analysis of hydrographs obtained from monitoring water wells has
application to effectively determining aquifer properties to contribute to a monitoring
strategy for groundwater resources in the vicinity of a CCS project at a cost much less
than that do conducting pumping tests;



however, the changes in pressure induced by a slow, diffusion controlled leak of CO2
into the aquifer, extend only a few metres away from the leakage point and do not
provide any advantage over direct chemical methods;



therefore none of the three wells screened in the Dilwyn Formation at the CO2CRC
Otway Project are suitable for leak detection, only assurance monitoring that these
wells are not impacted by storage operations;



there is a risk of false security associated with monitoring pre-existing water wells if it
can be shown that they will not detect CO2 or any changes associated with the
presence of CO2, negating the value in terms of assurance monitoring
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only monitoring wells positioned directly, i.e within a few metres, above the potential
site of leakage are likely to be able to detect changes due to CO2 in the short term.

This work suggests that water level measurements alone are too noisy to provide an effective sentinel
for CO2 leakage into shallow aquifers at the rate for minimum requirements of carbon storage being an
effective climate mitigation strategy (i.e. at rates of 1% per 1000 yrs). A more effective monitoring
strategy requires more sensitive detection technology over a broader geographic region.

Recommendations
The spectral analysis techniques outlined in this report provide a useful mechanism for characterising
aquifer properties and understanding and calibrating the data obtained from the CO2CRC Otway
Project. This technique is commonly used in the offshore oil and gas industry to account for ocean tide
effects on reservoir pressure. Investigation of the application of this method to CO2 storage reservoirs
is the logical next step for this work. A more comprehensive investigation into signal processing
techniques may prove to be more sensitive.
This would include developing a calibrated 3D model incorporating the baseline earth tide fluctuations .
From this baseline model the impact of different injection scenarios on the frequency spectra could be
calibrated. This type of modelling may have application for monitoring pressure fluctuations not only
within the monitoring aquifer, but also for wells within the storage reservoir, remote from the CO 2
plume.
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