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Abstract
Time-lapse (4D) seismic data, often used to monitor hydrocarbon production and CO2 injection
in subsurface reservoirs, cannot readily detect gas saturation changes under certain conditions.
Seismic data respond primarily to variations in the compressibility of a rock, but for gas-fluid
mixtures greater than ~20%, a change in gas saturation may cause only a minimal change in the
compressibility of the reservoir rock. Therefore, it can be difficult to discriminate reservoirs
with high and medium gas saturations using the seismic technique.

To better monitor changes in reservoir gas saturation, a non-seismic technique may be more
favourable. Complementary geophysical techniques, such as gravity and electromagnetic (EM)
methods, respond to subsurface variations in density and resistivity respectively, and these
physical properties are highly dependent on the saturation values of the rock’s pore fluids.
Compared to 4D seismic surveys, time-lapse gravity and EM acquisition costs have the
potential to be less expensive; however, they also contain less spatial resolution. Gravity data
has an additional benefit of being linearly proportional to changes in mass/density, and thus may
be easier to interpret than alternate geophysical data types.

To detect small mass changes in offshore subsurface reservoirs requires high precision gravity
data, which can be achieved by accurate repositioning of the gravimeters on the seafloor. After
applying a variety of data corrections, the change in the gravity signal over time can be related
to variations in the fluid saturations or pore pressures in the subsurface reservoir. The timelapse gravity signal may be particularly useful because the amounts of aquifer influx and/or
pressure depletion in an offshore reservoir are key uncertainties impacting ultimate gas
recovery.

The objective of my thesis research is to develop and perform a feasibility analysis for timelapse gravity monitoring of gas production and CO2 injection in Northern Carnarvon Basin
reservoirs. To do this, I have developed a method to quickly assess the sensitivity of time-lapse
ii

gravity measurements to reservoir production or injection related changes. I show that gravity
monitoring of Carnarvon gas reservoirs appears to be technically feasible and encourages
further detailed assessment on a field-by-field basis. For example, in a strong water-drive
scenario, a field-wide height change in the gas-water contact greater than 5 m can produce a
detectable gravity response greater than 10 µGal for a reservoir at a depth of 2 km, with a
porosity of 0.25 and a net-to-gross sand ratio of 0.70. Alternately, for the same reservoir in a
depletion-drive scenario, a 6 MPa (~900 psi) decrease in pressure throughout the field can also
produce a detectable gravity response.

To monitor CO2 sequestration using the time-lapse gravity technique, I find that it is easier to
detect a CO2 plume (or potential leaks) in shallower formations (at or less than 1 km below
mudline) compared to deeper storage formations at depths greater than 2 km. In order to
produce a detectable gravity anomaly, significant amounts of CO2 in excess of 4-8 MT must be
injected for reservoirs at 2 km depth, compared to only 1 MT of CO2 injection for formations at
1 km depth.

The methods I have developed to assess the feasibility of gravity monitoring are both flexible
and practical. They can be used in a wide range of applications, and provide a quick first-order
assessment of the feasibility of time-lapse gravity monitoring of subsurface density/mass
changes caused by changes in fluid content or pressure in porous reservoir rock.
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1 Chapter 1 Introduction

1.1 Motivation and objectives
Aquifer influx and pressure depletion are key uncertainties during the production and
development of a natural gas field. To gain an understanding of how aquifer influx and pressure
depletion varies in the subsurface, remote-sensing geophysical monitoring techniques are
desirable, particularly in offshore environments where well data is geographically sparse.

Time-lapse (4D) seismic data, often used to monitor hydrocarbon production and CO2 injection
in subsurface reservoirs (Lumley, 2001, Calvert, 2005, Johnson, 2010), cannot readily detect
gas saturation changes under certain conditions. Seismic data respond primarily to variations in
the compressibility of a rock, but for gas-fluid mixtures greater than ~20%, a change in gas
saturation may cause only a minimal change in the compressibility of the reservoir rock.
Therefore, it can be difficult to discriminate reservoirs with high and medium gas saturations
using the seismic technique.

To better monitor reservoir gas saturation changes, either due to production or injection, a nonseismic technique may be more favourable. Complementary geophysical techniques to the
seismic method, such as gravity and electromagnetic (EM) methods respond to changes in
density and resistivity respectively, and these properties are highly dependent on the saturations
of the pore-fluids. Gravity data has the benefit of being directly related to changes in density,
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which can vary linearly with gas saturation (Eiken et al., 2005). In addition, acquisition costs
for repeat gravity and EM surveys may be lower in offshore environments.

A high-precision seafloor gravimeter capable of offshore reservoir monitoring has been
developed by Statoil and Scripps. A detailed description on this method and the Remote
Operated Vehicle Deep Ocean Gravimeter (ROVDOG) instrument is provided by Sasagawa et
al. (2003) and Zumberge et al. (2008). The survey-to-survey non-repeatable noise level is in the
range of 3 to 5 µGal (Zumberge et al., 2008). At these low noise levels, time-lapse gravity data
is capable of tracking height changes in the gas-water contact (GWC) to within a few metres,
depending on the strength of water influx and the reservoir rock and fluid properties (Zumberge
et al., 2008).

Field surveys using high-precision gravimeters at several ongoing projects have detected both
fluid replacement (e.g. water replacing gas) and pressure depletion. These include the Troll
field, offshore Norway, where water influx and gas cap expansion have been detected by
changes in the gravity signal over time (Eiken et al., 2008). Other applications include the
onshore area of the Groningen gas field, Netherlands (Van Gelderen et al., 1999), and the
Prudhoe Bay oil field, onshore Alaska (Hare et al., 1999, Brady et al., 2004).

Repeat gravity surveys have also been valuable at Carbon Capture and Storage (CCS) projects,
such as the Sleipner Project in the North Sea where around 12 MT of CO2 has been injected into
a saline aquifer since 1996 (Eiken et al., 2011). CCS involves injecting supercritical CO2 into
saline aquifers or depleted hydrocarbon reservoirs in the subsurface for long-term storage.
Since there are currently no direct revenues associated with CCS in Australia, the high costs
associated with acquiring 4D seismic surveys for monitoring the CO2 plume are harder to
justify.
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The large undeveloped gas fields in the Northern Carnarvon basin may be good candidates for
gravity monitoring given the size of fields (typically multiple Tscf) and the nature of the
reservoirs involved.

Although many have moderate target depths (~2-3 km depth below

mudline (BML)), the presence of thick gas columns (on the order of 100’s of metres) and high
porosities (20-30%) should create reasonably large gravity changes above water-flooded zones.
To the best of my knowledge, no feasibility studies on gravity monitoring of gas production in
the Northern Carnarvon Basin have been published to date, and therefore this is the focus of my
thesis research.

The objective of my research is to develop and perform a feasibility analysis for the time-lapse
gravity monitoring of gas production and CO2 injection in Northern Carnarvon Basin reservoirs.
Some of the key questions I address are: 1) what types of reservoirs are suitable for gravity
monitoring; 2) what are the key factors that influence the magnitude of the gravity signal; 3)
how much gas needs to be produced or injected to produce a detectable gravity anomaly, and 4)
what are the associated time frames? I address these questions using two different methods.

In the first method, I use general vertical cylinder geometries to estimate the peak gravity
response caused by different gas production or CO2 sequestration scenarios. In this approach, I
assume the reservoir properties are homogeneous. In the second method, I use 3D reservoir
models to determine the effect of gas production on the time-lapse gravity response. For the
first approach, I perform specific case studies on the Wheatstone gas field and the Gorgon CO2
sequestration site at Barrow Island, both located in the Northern Carnarvon Basin off the
northwest coast of Western Australia.
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1.2 Background to the gravity method
The surface gravity method involves measuring the Earth’s gravitational field to map variations
in the subsurface density (Telford et al., 1990). By measuring the force of attraction acting on a
fixed mass at a number of locations on the Earth, the spatial change in the gravitational
attraction can be related to local spatial variations in mass. This is demonstrated by Newton’s
law of gravitation:

where

is the forces between the two masses

unit vector that points from

to

and

,

is the distance between them,

along a line joining them and

is the universal gravitational

. Using Newton’s first law,

constant equal to

is a

, Equation 1.1

can be written in terms of acceleration

If

is the mass of the Earth

where, to first order,

, then

becomes the acceleration of gravity

is the radius of the Earth and

Earth. Since mass is the product of density

and is given by

is directed towards the centre of the

and volume , Equation 1.2 can be written as

INTRODUCTION 5
The magnitude of

varies locally on the Earth’s surface because the Earth is not a perfect

sphere and its mass is not uniformly distributed. Near the equator, the magnitude of
approximately

is

.

When measuring variations in the acceleration of gravity the unit typically used is

.

Gravity instruments (gravimeters) can have a device precision of

and with careful

measurement and repositioning, can achieve time-lapse data accuracies of
(Zumberge et al., 2008). This is of the order of

; thus it is possible to measure very

small variations in the gravitational field at the Earth’s surface (i.e. one billionth of ) using
such instruments.

Gravimeters measure the vertical component of the gravitational acceleration
vertically downwards) due to a subsurface density contrast
background material, located at a distance

(directed

embedded in an averaged

away from the instrument. After resolving the

geometry where z is the vertical depth to the anomalous density, Equation 1.3 becomes

Forward modelling of gravity data can be performed by integrating the density perturbation
distribution over the volume V of the subsurface region concerned,

This is commonly performed by numerical integration where the geological body with volume
V is subdivided into a set of 3D cells each with constant local average density and the
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contribution from each cell is summed (Telford et al., 1990). This approach can be applied to
complex 3D bodies with vertically and laterally varying density. The body can be approximated
by simplified shapes such as point masses, rectangular cells or polygonal prisms (Plouff, 1976).
Then, the total gravity response is calculated by summing the contribution from each individual
cell (Telford et al., 1990).

1.3 Time-lapse gravity surveys for reservoir monitoring
1.3.1 Background
Multiple gravity surveys are required to infer changes in the subsurface density over time. The
first survey is acquired prior to production or injection to establish the baseline conditions.
Gravity anomalies associated with production or injection effects are found by subtracting the
baseline data from subsequent gravity survey data. This effectively cancels out any contribution
of local background geology or topography to the gravity signal assuming these do not change
over the time frame of interest. The time-differenced gravity signal is then inverted to estimate
a subsurface model of the change in reservoir density.

Time-lapse gravity data has been used to monitor a range of applications for a number of
decades. These include the monitoring of magma movements during volcanic activity (Jachens
and Roberts, 1985, Rymer and Brown, 1986), water extraction or re-injection in geothermal
fields (e.g. Allis and Hunt, 1986) and water injection and distribution in artificial aquifer storage
systems (e.g. Davis et al., 2008). A rare and more recent application of interest is time-lapse
gravity surveys for offshore reservoir monitoring.

Time-lapse gravity methods have rarely been attempted to monitor offshore hydrocarbon
reservoirs because of the difficulty in recording high-precision gravity data in offshore
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environments (Alnes et al., 2010). The primary method of recording gravity data in offshore
environments is ship-borne however, the accuracy level of around 100-1,000 µGal is too low for
reservoir monitoring (Figure 1) since expected reservoir signals are on the order of 10’s of µGal.
An alternate method whereby gravimeters are lowered to the seafloor to obtain stationary
measurements (e.g. Hildebrand et al., 1990) can improve precision but accurate repositioning is
difficult.

Accurate repositioning can be achieved by placing the gravimeters on permanent seafloor
benchmarks with a remotely operated subsea vehicle (ROV). The Remote Operated Vehicle
Deep Ocean Gravimeter (ROVDOG), developed by Statoil in association with Scripps Institute
of Oceanography, uses this approach to collect high-precision gravity data that is accurate
enough for offshore reservoir monitoring (Eiken et al., 2003).

Figure 1: A comparison of the gravity measurement accuracy using different acquisition techniques, after
Alnes et al., (2010). This illustrates the improvement in the accuracy of seafloor measurements achieved over
the past decade following refinements in the ROVDOG instrument and acquisition methods. Land based
gravity methods (low vertical position on the figure) have historically had better accuracy compared to ship
borne or airborne techniques (high vertical position).
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Dramatic improvements in gravity measurement precision have been made over the past decade
following refinements in the ROVDOG instrumentation and acquisition technique (Figure 1)
(Zumberge et al., 2008). There was a considerable improvement in the repeatability from
26.0µGal to 5.3µGal at the Troll field between 1998 and 2005, respectively (Zumberge et al.,
2008). Whilst at the Sleipner field, the repeatability improved from 3.9 µGal to 2.2 µGal
between 2002 and 2009 (Alnes et al., 2011). This level of precision is comparable to land
gravity surveys. In my thesis, I assume a conservative, non-repeatable noise level of 5-10 µGal.
Therefore, any gravity signal above 10 µGal is considered to be readily detectable.

1.3.2 Instrumentation and methodology
The ROVDOG system was developed by Statoil in association with Scripps Institute of
Oceanography to collect high-precision seafloor gravity data. A detailed description on this
method and the ROVDOG instrument was provided by Sasagawa et al. (2003) and Zumberge et
al. (2008). A brief description is given here.

The ROVDOG system was constructed and deployed specifically for acquiring accurate timelapse gravity measurements on the seafloor for monitoring of water influx into natural gas fields
during production. The ROVDOG instrument is a land gravimeter modified for submarine
remote operation and handling (Sasagawa et al., 2003). It consists of a CG-3M gravity sensor
core mounted on a levelling system. This is housed within a watertight pressure case and is
rated up to 700 m or 4500 m depth depending on the pressure casing (Figure 2) (Sasagawa et
al., 2003).

To improve measurement precision, multiple sensors can be deployed

simultaneously on the same frame (Sasagawa et al., 2003).

The time-lapse gravity measurements recorded by the ROVDOG instrument are relative
measurements and are subject to significant instrument drift (Zumberge et al., 2008). Drift
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causes variations in repeat gravity measurements taken at the same location. To reduce drift,
repeat measurements are taken every 12 hours at one or two reference stations located laterally
away from the area of interest and gravity is measured at least twice at every station (Zumberge
et al., 2008). Survey benchmarks are usually located 2-4 km apart depending on the reservoir
depth. Other factors influencing the gravity signal such as wave height, tidal movements, and
sea water densities all need to be recorded to correct gravity measurements, and then the
compensated gravity signal can be associated with reservoir density variations only.

b
Figure 2: a) A photo of the ROVDOG instrument used in the 2002 Sleipner gravity survey from Nooner (2005)
and b) cross section of a ROVDOG rated up to 700m sea depth after Sasagawa et al. (2003)

Seawater pressure measurements are also recorded simultaneously with gravity data to
determine subsea instrument depth and to monitor seafloor deformation. Depth changes as
small as 5 mm can be resolved (Zumberge et al., 2008). Measuring depth variations is critical
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for correcting the measured gravity signal for elevation changes since the gravity gradient at the
seafloor is approximately 2 μGal/cm (Sasagawa, 2003). This implies that 10 cm ground
displacement (e.g. subsidence) at the seafloor would cause a 20 μGal increase in gravity, which
is similar in magnitude to the reservoir signals we are trying to measure.

Measuring depth changes is also important for detecting seafloor subsidence or uplift
(geomechanical deformation) caused by hydrocarbon production or fluid injection in the
reservoir (Alnes et al., 2010).

Stenvold (2008) investigated the sensitivity of subsidence

measurements and gravity data to reservoir pressure changes using 1D formulations and found
that subsidence data are approximately 3 times more sensitive than gravity data to a reservoir
pressure change. This implies that a decrease in pressure in a depletion-drive gas field may be
better detected using subsidence data if reservoir compaction occurs.

For sand-shale reservoirs, effects of compaction and seafloor subsidence are likely to be minor,
and if anything, more significant for shallow, unconsolidated reservoirs than deeper, highly
consolidated sands (Dake, 1978). The Triassic Mungaroo Formation sand-shale reservoirs in
the Carnarvon Basin are typically 2-3 km depth BML and as a result the sandstones are fairly
competent. Therefore, any effects of reservoir compaction and seafloor subsidence will likely
be modest, so I assume these to be negligible in my study. In contrast, for carbonate reservoirs,
compaction and subsidence effects can be significant. Hydrocarbon production from the porous
chalk reservoirs in the North Sea, for example, have caused as much 10 m of compaction in the
reservoir and 8 m of subsidence at the seafloor after 30 years of production (Smith et al., 2002).

Seafloor pressure measurements can also detect surface uplift above reservoir injection sites,
which is useful for monitoring of CO2 sequestration and for gas-cap water injection (Alnes et
al., 2010). Monitoring of reservoir pressure changes with subsidence data is expected to
improve in the near future as the industry gains more experience with this type of data and
precisions levels improve (Alnes et al., 2010).
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1.3.3 Resolution
Resolution is defined as the ability to separately image two closely spaced objects (Sheriff,
2002). For seismic data, the vertical and lateral spatial resolution of migrated (imaged) data is
1/4 of the seismic wavelength, where the wavelength is equal to the seismic velocity divided by
the dominant frequency. A 25 m spatial resolution is typical for reservoirs 2-3 km deep if the
dominant frequency is 25 Hz and the seismic wave velocity is 2500 m/s. In contrast, the spatial
resolution of time-lapse gravity data may be comparable to the reservoir burial depth (Eiken et
al., 2005). However, in most cases time-lapse gravity anomalies can be interpreted using a
gravity data inversion process to solve for changes in the 3D distribution of subsurface density
over time, or to establish possible boundaries between density contrasts (Davis et al., 2008). In
this case the resolving ability of gravity data depends on the quality of the inversion result.
Davis et al. (2008) showed that a lateral resolution of 1.4 km can be achieved for a reservoir at
2.5 km depth under optimal conditions.

1.3.4 Monitoring of hydrocarbon reservoirs
A few 4D gravity projects are currently attempting to monitor onshore and offshore producing
hydrocarbon reservoirs and CO2 sequestration sites. Three of the most mature projects are the
Sleipner and the Troll fields, offshore Norway (Alnes et al., 2010) and Prudhoe Bay oil field,
onshore Alaska (Ferguson et al., 2008). At the Sleipner field in Norway, repeat gravity and
depth measurements detected water influx in the western part of the field. This was later
confirmed by early water breakthrough in gas producing wells (Alnes et al., 2008). The total
volume of water influx of

was estimated from changes in the gravity signal
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and used in material-balance equations to estimate the volume of gas in place and the drop in
reservoir pore pressure (Alnes et al., 2008).

At the Troll Field, oil production from reservoirs in the western part of the field have caused a
detectable decrease in the gravity response, as a result of gas cap expansion (Figure 3) (Eiken et
al., 2008). In comparison, gas production at Troll East and the resulting edge-water influx and
subsidence at the seafloor has caused an increase in the gravity response (Eiken et al., 2008). A
2.2m GWC rise interpreted from one gravity station in the east was close to the 2.8m rise
detected at a nearby observation well (Eiken et al., 2008).

At Prudhoe Bay, five years of gas cap water injection has resulted in a positive gravity anomaly
up to 70 µGal (Ferguson et al., 2008). Forward models predict the gravity response to exceed
200 µGal after 15 years of injection, well beyond the accuracy limits of highly repeatable
gravity surveys (Hare et al., 1999).

Gravity monitoring is not limited to these giant gas fields but is also feasible in moderate sized
gas fields.

Stenvold et al. (2008) demonstrated that time-lapse gravity can provide early

detection of basal and edge-water encroachment into a gas reservoir only a few metres thick at
medium burial depths (~2 km).
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Troll WestOil Production

Troll EastGas Production

Figure 3. Location map of the Troll Field, offshore Norway. The arrows indicate changes in the vertical
gravity signal between 2002 and 2009 surveys, red indicates a decrease in the signal and blue indicates an
increase.

The length of the arrow represents the magnitude, with a 30 µGal scale for comparison. Gas

production at Troll East has caused an overall increase in the gravity field due to edge water influx.
Conversely, oil production at Troll West has resulted in a decrease in the gravity signal due to expansion of the
gas cap. (Eiken et al., 2008)
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1.4 Organisation of the thesis
Chapter 1 introduces the motivation and objectives of this research. A brief explanation of the
time-lapse gravity method for offshore reservoir monitoring is given including acquisition and
instrumentation technologies currently employed. Chapter 2 develops a method to calculate the
gravitational change due to a vertical cylindrical mass as a proxy for estimating the gravity
change associated with gas production or CO2 injection. Chapter 3 discusses the feasibility of
gravity monitoring of gas production from large gas fields in the Northern Carnarvon Basin.
This chapter includes a specific case study on the potential use of gravity monitoring of gas
production from the Wheatstone gas field.

Chapter 4 examines the feasibility of gravity

monitoring of CO2 injection into the Dupuy Formation as part of the Gorgon project. Chapter 5
compares the results from the vertical cylinder method with the gravity change using 3D
reservoir models. In this chapter, aquifer driven gas production is represented by a more
realistic heterogeneous 3D reservoir model and the effect of non-uniform water influx at the
base of the reservoir is tested. Finally, conclusions and recommendations for further work are
presented in Chapter 6.

2 Chapter 2 Cylindrical method to calculate the gravitational
response due to gas production or CO2 injection

2.1 Abstract
Injection or withdrawal of fluids in reservoir rocks at depth causes changes to the subsurface
density distribution. Under favourable noise conditions, time-lapse gravity measurements can
detect these density changes as shown by recent field-tests for monitoring of hydrocarbon
production and CO2 sequestration sites. To determine the feasibility of time-lapse gravity
surveys for reservoir monitoring, gravity anomalies can be predicted in general from 3D models
of fluid density change by subdividing the reservoir body into a number of cells and summing
the contribution from each, as described in Chapter 1. Here I develop a method to quickly
assess the sensitivity of time-lapse gravity measurements to fluid substitution or pressure
depletion using a vertical cylinder model. In chapters 3 and 4, I apply this method to producing
gas reservoirs or saline aquifers undergoing CO2 injection. I show that the gravity values
calculated using my method agrees well with published 3D modelling results. The method I
have developed is both flexible and practical. It can be used in a wide range of applications, and
provides a quick assessment of the feasibility of time-lapse monitoring of subsurface density
changes in reservoirs.
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2.2 Introduction
Forward modelling can be used to predict the gravity response from a 3D body of subsurface
density change (Telford et al., 1990). One method commonly used to calculate synthetic gravity
observations involves subdividing the body into a number of cells and summing the contribution
of each individual cell. For example, at the Prudhoe Bay field onshore Alaska, synthetic gravity
anomalies were calculated from 3D simulation models of the gas cap waterflood by calculating
and summing the contribution of each individual cell using the equations presented by Plouff
(1976) (as per Hare et al., 1999). The modelled gravity anomalies (Figure 4) predicted that
time-lapse gravity may be a viable technique for monitoring the progress of a gas cap
waterflood at Prudhoe Bay and as a result, two baseline and one time-lapse gravity surveys have
been acquired (Brady et al., 2008).

A basic approach to estimating the sensitivity of gravity data to changes in the subsurface
density distribution is to assume that the density change
homogeneous.

is horizontally infinite and

Then the Bouguer slab formulation for gravity can be invoked, which is

normally used to account for excess mass or mass deficiency when gravity measurements are
taken above or below the datum plane, respectively (Telford et al., 1990),

where

is the gravitational constant equal to

and

is the thickness

of the layer (Telford et al., 1990). In this case, because the layer is horizontally infinite, the
gravity response does not depend on observation height.

Eiken et al. (2008) used the Bouguer slab formulation to provide a quick estimate of the gravity
change per unit vertical rise of a water-swept gas zone at the Troll East gas field. In this 1D
limit, the gravity change per metre rise is 6.4 µGal/m (Eiken et al., 2008). This compares well
to the 3D modelled response at the centre of the gas field, where a uniform contact rise of 10 m
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is predicted to be slightly greater than 60 µGal, because the areal extent of the reservoir is large
(400 km2) (Eiken et al., 2008).

a)

b)

Figure 4. (a) The modelled surface time-lapse gravity anomaly after 5 years of water injection into the gas cap
at Prudhoe Bay is expected to exceed 120 µGal at the centre of the injection zone. An anomaly of this
magnitude is well above the current detection threshold of 3-5 µGal. (b) The height weighted average density
contrast in the reservoir is on average 120 kg/m3 where water has displaced gas. The injection zone, coastline,
and simulation limits are shown at the top for reference. From Hare et al. (1999)
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For gas fields with a smaller areal extent, the infinite slab approximation is not valid and
another method must be used. An alternative approach is to approximate subsurface density
changes by a simple 3D shape with homogenous averaged properties. Equations to calculate the
gravity effect of a number of simple shapes including a sphere, vertical cylinder, and a
horizontal rod are presented in Telford et al. (1990). The equation to model the gravitational
effect of a vertical cylinder along the axis of the cylinder is

where

is the density contrast,

observation point,

is the distance from the centre of the cylinder to the

is the cylinder radius and

is the cylinder height (Figure 5).

The

advantages of these equations are that they are easy to implement and they can help to
understand the sensitivity of gravity to variations in depth, density contrast and the size of the
region of density contrast.

Observation point

Depth (z)

Radius (R)

Density contrast ( )

Height (h)

Figure 5. The vertical cylinder model used to represent a region of density contrast relative to the surrounding
area. The gravitational effect of the cylinder depends on the labelled parameters and is a maximum value
along the axis of the cylinder.
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Stenvold et al. (2008) estimated the effect of depth, horizontal extent and density change on the
resolvable thickness of a waterflooded gas reservoir by approximating the gas zone with a
vertical cylinder.

They approximated the equation presented by Telford et al. (1990) to

calculate the gravity response as a function of the ratio of the cylinder radius to the cylinder
depth instead of each parameter separately. This approximation is useful for capturing a range
of reservoir settings and dimensions. They showed that the resolvable thickness of the reservoir
improves as the reservoir radius-to-depth ratio or the fluid density contrast increases (Figure 6).

Figure 6.

Reservoir thickness versus radius-to-depth ratio for a vertical cylinder reservoir model. The

contours lines are

= 10 µGal, which is deemed to be at the limit of detection. The resolvable reservoir

thickness improves with the radius-to-depth ratio or the density contrast

. From Stenvold et al. (2008)
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In this chapter, I adapt the approach used by Stenvold et al. (2008) to examine the sensitivity of
gravity data to gas production and CO2 injection. To do this, I derive equations to estimate the
density change with time in (1) a water-drive gas reservoir, (2) depletion-drive gas reservoir and
(3) a saline aquifer undergoing CO2 injection. Then, I calculate the peak surface gravity
anomalies, for a range of reservoir dimensions and settings, by approximating the geometry of
the density change with a vertical cylinder (Figure 5). I use this method to assess the feasibility
of time-lapse gravity monitoring of gas production and CO2 injection in Chapters 3 and 4 of this
thesis, respectively. Other approaches have been used to analyse the feasibility of time-lapse
gravity for reservoir monitoring (e.g. Hare et al., 1999, Gasperikova and Hoversten, 2006,
Krahenbuhl et al., 2011).

This chapter proceeds as follows. First, I introduce a method to calculate the gravitational
response due to a vertical cylindrical zone of density change. Following this, I discuss the
equations governing the thermodynamic behaviour of methane and CO2. This is important
because the change in gas density as a function of pressure and temperature must be taken into
account when estimating the subsurface density change during gas production and CO2
injection. Next, I derive the equations used to calculate the injected CO2 mass given the
reservoir rock and fluid properties and the dimensions of the vertical cylinder. Finally, I
compare the computed gravity response using the vertical cylinder method to published data in
order to verify the accuracy of the method.

CYLINDRICAL METHOD TO CALCULATE THE GRAVITATIONAL RESPONSE 21

2.3 The vertical cylinder gravity modelling method
The vertical component of gravity
contrast

along the axis of a vertical cylinder with density

to the laterally equivalent material can be calculated from the equation given by

Telford et al. (1990),
(2.1)
where

is the gravitational constant,

centre of the cylinder to the observation point,

is the distance from the

is the cylinder radius and

is the cylinder

height/thickness. The calculated gravity response will be a maximum value directly above the
centre of the cylinder (Figure 7).

Figure 7. The gravity anomaly produced by a cylindrical body with radius R = 1km, height h = 30m, and
depth z = 2km with an anomalous density of
along the axis of the cylinder.

= 125 kg/m3. The peak gravity response of 16.4µGal is located
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Equation 2.1 can be adjusted to the 4D gravity case by defining the density contrast as the
change in bulk density

caused by production or injection in the subsurface. Then,
(2.2)

.

This can be simplified by approximating the gravity effect of a vertical cylinder by the effect of
a horizontal disk located at the centre of the cylinder multiplied by the cylinder height (Figure 8)
(as per Stenvold et al., 2008). This simplified version of Equation 2.2 is given by,

The gravity anomaly is now a function of the ratio of the cylinder radius to the cylinder depth
(

) and a range of reservoir settings and dimensions can be modelled for a given anomaly.

The relative error in

is less than 1% when Equation 2.3 is used instead of Equation 2.2 if

the reservoir radius/depth ratio

and thickness/depth ratio

(Stenvold et al.,

2008). Typically, these criteria are met in economical gas fields because the overburden
thickness is usually less than the reservoir width (or radius) and greater than the reservoir
thickness. For example, the Wheatstone gas field located in the Northern Carnarvon Basin has a
target depth of approximately 2.8 km BML, an areal extent of about 50 km2, and a gross
thickness of 140 m. Thus, the criteria above are met because

is 1.4 and

is 0.07.

CYLINDRICAL METHOD TO CALCULATE THE GRAVITATIONAL RESPONSE 23

z

h

R

Figure 8. Approximation made to the vertical cylinder model uses a disk at the centre of the cylinder
multiplied by the cylinder height h. The disk is located at a depth z and has a radius R.

2.4 Methane and CO2 thermodynamics
Understanding the change in fluid densities in response to varying reservoir pressure and
temperature conditions (e.g. pressure depletion or CO2 injection) is important when assessing
the feasibility of gravity monitoring. This is because the subsurface density change is a function
of the gas density. To calculate the density of an ideal gas

where

is the molecular weight of the gas,

temperature of the gas, and

, the ideal gas law can be used,

is the ideal gas constant,

is the absolute

is the pressure (Himmelblau and Riggs, 2004). A reasonable

assumption is that the reservoir temperature remains constant (isothermal) during production
(Dake, 1983). Some notable exceptions include water injection into a producing hydrocarbon
field and CO2 injection into a subsurface geological formation where the reservoir temperature
may change when the temperature of the injected fluids differs from the formation temperature.

The ideal gas law assumes that the inter-molecular forces and the volume occupied by the
molecules are both negligible (Dake, 1983). This is generally valid for gases at low pressures
and/or high temperatures when inter-molecular interactions are reduced (Himmelblau and
Riggs, 2004).
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The simplifying assumption of ideal gas behaviour is not always valid for petroleum reservoirs.
To calculate the density of a real gas, the compressibility factor

is incorporated to capture

the deviation from ideal gas behaviour (Himmelblau and Riggs, 2004),

The -factor (or ‘compressibility factor’) compensates for the difference in gas density between
laboratory measurements and those predicted by the ideal gas law, such that ideal gas behaviour
occurs when

. Deviation in density from ideal gas behaviour is a function of pressure and

temperature. The NIST (National Institute of Standards and Technology) chemical property
database is one source for obtaining

-factors for a number of pure compounds including

methane and CO2 (Figure 9) (Lemmon et al., 2011).

In my thesis, I calculate the thermodynamic behaviour of methane using the ideal gas law
because methane approximates an ideal gas

at typical reservoir pressures and

temperatures (Figure 9). However, this simplifying assumption of ideal gas behaviour is invalid
for CO2 because its compressibility factor significantly deviates from unity for typical reservoir
pressures and temperatures (Figure 9).

For this reason, I calculate the thermodynamic

properties of CO2 using the Span-Wagner equation of state (EOS) (Span and Wagner, 1996)
available online through the NIST chemical property database (Lemmon et al., 2011).
The density of methane and CO2 as a function of pressure for given temperatures is given in
Figure 10. This graph shows that the density of methane ranges from 100-300 kg/m3 at typical
reservoir conditions (

). Assuming ideal behaviour results in a linear increase

in density with pressure. Since water has a density of about 1000 kg/m3 at typical reservoir
conditions, the contrast in density will be large when water replaces gas in a reservoir. This
may lead to significant changes to the gravity signal depending on the volumetric extent of
water influx and the reservoir depth.
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In contrast, CO2 is typically a supercritical fluid at reservoir pressures and temperatures, and its
density varies significantly and non-linearly with pressure and is more sensitive to changes in
temperature (Figure 10). In order to maximise storage capacity, CO2 will usually be injected as
a supercritical fluid for long term storage (geosequestration).

Then at typical reservoir

conditions, the density of CO2 will be more fluid-like and the contrast between the density of
CO2 and water in a reservoir will be small. Therefore, it may be difficult to gravitationally
detect CO2 displacing water at high pressures.
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Figure 9. Compressibility factors, calculated from the NIST database, for pure methane (CH4) and pure
carbon dioxide (CO2) as a function of pressure at temperatures of 60°C and 100°C. The large deviation of the
compressibilty factor from 1 indicates that CO2 does not behave like an ideal gas at pressures of 2 to 55 MPa
for temperatures between 60 and 100°C. Conversely,

for methane across the pressure and temperature

ranges plotted and can be approximated as an ideal gas if desired.
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CO2 at 100°C

CH4 at 60°C

CH4 at 100°C

The density of methane (CH4) (red) and carbon dioxide (CO2) (blue) verses pressure for

temperatures of 60°C (solid lines) and 100°C (dashed lines). The density of CO2 was calculated from the SpanWagner EOS using the NIST chemical property database. Whereas, the density of CH 4 was calculated from
the ideal gas law therefore it increases linearly with pressure. The density of CO2 varies more significantly
with pressure and temperature. Above about 11 MPa for T=60°C and 13 MPa for T=100°C, CO2 is in
supercritical state with fluid-like densities. In contrast, methane has gas-like densities at all pressures and is
nearly insensitive to changes in temperature between 60 and 100°C.
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2.5 Density equations for gas production and CO2 injection
scenarios
To model the time-lapse gravity response it is necessary to estimate the change in bulk reservoir
density resulting from gas production or CO2 injection. For gas production, two primary drive
mechanisms are considered: (1) water-drive and (2) depletion-drive. In a strong water-drive gas
reservoir, water displacing gas dominates the density change. Whilst in a depletion-drive
reservoir, little or no water influx occurs and the change in gas density with pressure is the
dominant effect. For CO2 injection, one scenario is considered: injection into a saline aquifer.
In this case, CO2 displacing formation water is the main influence on the density change. This
section derives the equations necessary to estimate the bulk density change in each of these
three scenarios.

2.5.1 Water-drive gas reservoirs
When a gas reservoir is adjacent to or overlaying an aquifer, water may flow into the gassaturated zone with the onset of gas production (Kantzas et al., 2001). Residual gas saturation
remains in the pore space following water influx because during the displacement of one
immiscible fluid (gas) by another (water), the displaced fluid saturation will never reach zero
due to capillary forces (Dake, 1983). Typical residual gas saturation values range from 10-30%
and depend upon the heterogeneity and geometry of the reservoir pore space and patterns of
fluid movement during production. As the water front advances, the gas-water contact often
moves in a complicated pattern. In this study, fluid contacts are assumed to be gravity stable
and water influx occurs at the base of the gas reservoir (Figure 11).
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Figure 11. A schematic illustration of a gas reservoir undergoing uniform base water influx. The zone of
water influx was approximated by a vertical cylinder with radius R, height h and depth z. This configuration
is used to model the gravity response due to water-drive gas production.

The bulk density of a gas reservoir is most simply calculated from a summation of the densities
of the matrix and fluid components,

where

is the porosity,

is the matrix density,

is the water saturation and

is the water density,

is the gas density,

is the gas saturation (assuming here that

change in bulk density

between some time

and a later time

). The
in the

reservoir is,

where

is the bulk density at

constant between

and

. Assuming the density of the matrix component is

(i.e. there are no geomechanical or geochemical effects), the

density change occurs in the fluid component only. Given that the reservoir is composed of
both net and non-net sands, where net sands are defined as those with permeability and/or
porosity greater than a specified cut-off, the

can be calculated in the net sands only from,
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(2.4)
where

is the net sand to gross sand-shale volume ratio, where gross sand is the total sand

volume, on a scale of 0-1,

is the fractional porosity of the net rock volume (0-1),

are the gas saturation values at times
values at times

and

and

, and

and

and

are the water saturation

respectively, where again

. Under the assumption

of constant pressure (isobaric) reservoir conditions (even when there is an active aquifer present,
water-drive gas reservoirs will always experience a small decrease in reservoir pressure during
production (Firoozabadi et al., 1987)), the porosity and the fluid densities are constant (i.e.
and

. Then Equation 2.4 becomes,

.

Substituting

gives,

.

(2.5)

In the case of very strong aquifer support, the gas saturation at time
gas saturation

will equal the residual

, the lowest gas saturation that can be obtained by water influx in a porous

reservoir. Then in this case, the bulk density change is a maximum and is given by,
.
Assuming a water density of 1000 kg/m3 and a methane gas density of 185 kg/m3, we can
calculate the change in bulk density
properties (Figure 12). Since

as a function of

for a range of reservoir

and water is denser than gas, water influx into a gas

reservoir causes the bulk density to increase. Figure 12 shows that the potential change in bulk
density largely depends on the average NTG and porosity of the reservoir. In the scenarios
given in Figure 12, the density change can vary from about 10 to 200 kg/m3 depending on the
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amount of water influx and the reservoir properties. This indicates that gas reservoirs with high
NTG and porosity have the greatest potential for time-lapse gravity monitoring.
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Figure 12. Density change versus the change in gas saturation

NTG = 1.0, Porosity = 0.35

in a water-drive gas reservoir

where the contrast in fluid density is 815 kg/m3 (e.g. water density is 1000 kg/m3 and gas density is 185kg/m3).
A positive density change results from water replacing gas in the pore space and the magnitude of change
depends on the amount of water substituting gas, the NTG and porosity, and the density contrast between the
two fluids.

2.5.2 Depletion-drive gas reservoirs
In a depletion-drive gas field, there is little or no water influx and (ideal) reservoir pressure
declines linearly with increasing gas recovery (Dake, 1983). Other pressure effects such as
connate water expansion and reservoir compaction are herein assumed to be negligible since the
rock matrix and water compressibility are much smaller than the gas compressibility. This
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assumption implies that the porosity of the reservoir and the connate water density and
saturation are constant throughout production. Therefore in this scenario, I model a pressure
change as a change in the gas density only throughout the cylindrical zone (Figure 13).

Seafloor

Depth (z)

Radius (R)
Height (h)

-ΔP Gas reservoir

Radius >> Height

Figure 13. A schematic illustration of a gas reservoir undergoing uniform pressure depletion (-ΔP). The
reservoir geometry was approximated by a vertical cylinder model with radius R, height h and depth z. This
configuration is used to model the gravity response due to depletion-drive gas production.

The change in bulk density

between some time

and a later time

during

depletion-driven gas production is calculated from Equation 2.4,

.

In the depletion-drive case, constant pore volume and no water influx are assumed. Then the
porosity and the fluid saturations values are constant for small pressure changes (i.e.
and

). Equation 2.4 becomes,

.

The density of water is also assumed to be approximately constant (i.e.

,

.
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Simplifying this equation gives,

(2.6)

where the difference in gas density,
Substituting

into

, is negative for a pressure decline.
and assuming isothermal conditions gives the

change in gas density for a real gas between times

Since methane behaves like an ideal gas,

where

and

,

, Equation 2.7 reduces to,

is negative for a decline in reservoir pore pressure. Substituting Equation

2.8 into Equation 2.6 gives the formula to calculate the density change in a depletion drive gas
reservoir for an ideal gas,

We can calculate the change in bulk density

as a function of

for a range of reservoir

properties using Equation 2.9 (Figure 14). In contrast to a water-drive scenario, the bulk density
decreases because

is negative for a decline in reservoir pressure. The density decreases

linearly with decreasing pore pressure and the potential change again largely depends on the
average NTG and porosity of the reservoir (Figure 14). In the scenarios given in Figure 14, the
density change varies from -1 to -45 kg/m3. Gas reservoirs with high NTG and porosity
experience a larger change in bulk density during production and may be more suitable for
gravitational monitoring.
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Figure 14: The bulk density change against decreasing reservoir pore pressure for depletion drive gas
production assuming the initial gas saturation is 80% and an initial gas density of 185 kg/m3. A negative
density change results from pressure depletion in the pore space of the reservoir. The magnitude change
depends on the initial hydrocarbon pore volume and the drop in pressure. (1 MPa = 145 psi)

2.5.3 CO2 injection into a saline aquifer
When CO2 is injected into an aquifer, formation water will be partly displaced by CO2 as it is
driven away from the wellbore (Flett et al., 2004). This can lead to a change in the reservoir
bulk density. The magnitude of the density change depends on the density contrast between the
two fluids and the amount of water displaced by CO2 in the aquifer. Hence this scenario is
similar to a water-drive gas reservoir because fluid substitution is taking place. Analogous to
the strong water-drive gas production scenario, I assume constant reservoir pressure during CO2
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injection, which is reasonably valid since CO2 is much more compressible than water, and CO2
will likely be injected into very large permeable and porous storage reservoirs.

To calculate the gravitational response during CO2 injection, I approximate the plume geometry
by a vertical cylinder (Figure 15). In reality, the geometry of the CO2 plume in an aquifer will
be more complex due to buoyancy effects and reservoir heterogeneity. I also assume that CO2
dissolution into formation water and other geochemical processes such as mineralisation are
negligible.

These processes are predominantly post-injection trapping mechanisms often

assumed to occur over timescales of about hundreds to thousands of years respectively (IPCC,
2005) although some interesting exceptions have been observed in reservoir monitoring
examples (Lumley, 2010). This allows me to model a two-phase system of CO2 and brine
within a cylindrical CO2 plume (Figure 15).

Seafloor

Injection of CO2

Depth (z)
Radius (R)

CO2 plume

Thickness (h)

Water drainage

Figure 15. A schematic diagram of CO2 injection into a saline aquifer where the CO2 plume at depth z is
approximated by a vertical cylinder with radius R and thickness h. This configuration is used to model the
gravity response due to CO2 injection into an aquifer.

To calculate the change in bulk density caused by CO2 substituting brine, I can apply Equation
2.4 where,
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where

is the CO2 saturation at

and

is the density of CO2 at

. Assuming

that the density of CO2 and the density of water are approximately constant throughout injection
(i.e.

and

gives,

.
Given the aquifer is initially 100% water saturated (

(2.10)

) and therefore

(since

, Equation 2.8 becomes

.

Substituting

gives,

.

(2.11)

Equation 2.11 can be used to estimate typical changes in bulk density for saline aquifers
undergoing CO2 injection, for example by assuming

is 450 kg/m3 and

is 1000 kg/m3

(the actual properties of CO2 and water will be reservoir pressure and temperature dependent)
(Figure 16). The change in bulk density is plotted as a function of CO2 saturation (Figure 16).
The bulk density decreases when CO2 displaces formation water because

. The

magnitude change varies from about -5 to -75 kg/m3 depending on the CO2 saturation and the
pore volume (porosity and NTG). Aquifers with high NTG and porosity will experience a
larger change in bulk density, and therefore will be more suitable to gravity monitoring.
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CO2 injection with constant pore pressure
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Figure 16. The bulk density change versus the change in CO2 saturation caused by injecting CO2 into a saline
aquifer. A constant pore pressure was modelled such that the density of CO2 is 450 kg/m3.

2.6 Surface gravity response related to mass of injected CO2
Using the vertical cylinder method to calculate the gravitational response to CO2 injection
allows us to calculate the modelled mass of injected CO2. This is important because we can
then determine the minimum amount of injected CO2 that may be detected using time-lapse
gravity methods by assuming an appropriate noise limit. The estimates of Fabriol et al. (2011)
suggest that for repeat gravity surveys the minimum amount of CO2 needed for detection is on
the order of a few million tonnes. In contrast, Benson et al. (2004) estimated that minimum
amount is on the order of several hundred thousand tonnes.
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To calculate the mass of injected CO2, we require the volume of the plume and the density of
the CO2. First, the volume of injected CO2 is the product of the amount of CO2 in the pore
space and the volume of the CO2 plume. For a cylindrical CO2 plume, this is given by,

(2.12)

where NTG is the net-to-gross sand ratio,
saturation,

is the cylinder radius and

is the porosity,

is the change in CO2

is the cylinder height. Second, the approximate mass

of injected CO2 is found by multiplying the volume by the average density of CO2

in the

aquifer. This is given by,

.

(2.13)

As an example, I assume that CO2 is injected into a storage formation with an average NTG of
0.80 and an average porosity of 0.25 causing 50% of the formation water to be displaced. If the
plume of CO2 covers a cylindrical zone with a radius of 3 km and a height of 20 m then I
calculate the volume of CO2 from Equation 2.9 to be

. Assuming the density of

CO2 is 600 kg/m3 gives a mass of injected CO2 of about 34 MT. We can determine if this is
likely to be detected with repeat gravity measurements by calculating the associated gravity
anomaly using Equation 2.3. If we assume a storage formation depth of 2 km and a water
density of 1000 kg/m3, the resulting gravity anomaly is -15 µGal, which is 3 times greater than
the lower detection limit of 5 µGal.
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2.7 Comparing the computed gravity response using the vertical
cylinder method and published data
I use a 3D model example published by Gasperikova and Hoversten (2006) to evaluate the
accuracy of the vertical cylinder method to predict the gravitational response due to a zone of
density change. The model is representative of the In Salah sandstone reservoir, which has been
used for CO2 storage since 2004, and is modelled as a 20 m thick brine formation at a depth of
1900 m with average porosity of 20% (Figure 4a) (Gasperikova and Hoversten, 2006). In the
south-west quadrant of the model, the density of the formation is decreased by 1.3% or 30 kg/m3
as a result of CO2 displacing 30% of the formation water from the pore space (Figure 4a).

The area of the CO2 quadrant in the model is 10 x 10 km. Therefore, the radius of a vertical
cylinder with the equivalent area is approximately 5.65 km. Using the vertical cylinder method
(Equation 2.3), I calculate the change in the vertical component of the gravity response when
CO2 displaces 30% of the in-situ brine to be about -17 µGal. This response is very close to the
maximum -18 µGal change in gravity modelled by Gasperikova and Hoversten (2006) and thus
helps verify that the vertical cylinder method is indeed accurate (Figure 17).
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a)

b)

Figure 17. Map view of top reservoir showing (a) the bulk density and distribution of 30% CO2 and 70%
brine saturated rock in the southeast quadrant, with 100% brine saturation in the surrounding reservoir, and
(b) the difference between the surface vertical component of gravity response for models with and without the
CO2 quadrant. After Gasperikova and Hoversten (2006).
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2.8 Conclusions
I have developed a fast and practical method to perform a feasibility analysis for time-lapse
gravity monitoring of gas production and CO2 injection in porous reservoir rocks. I use a
vertical cylinder to approximate the geometry of density changes in the subsurface. This
facilitates a quick assessment of the sensitivity of time-lapse gravity measurements to
production or injection related changes and has a wide range of applications.

For each of the three scenarios: 1) water-drive gas production, 2) depletion-drive gas production
and 3) CO2 injection into a brine aquifer, I calculated ranges in the change in bulk density using
rock and fluid properties established from actual Carnarvon Basin well log data. I found that
water influx into a gas reservoir causes the bulk density to increase by 10-200 kg/m3.
Conversely, the bulk density decreases linearly in response to a decline in reservoir pressure by
-1 to -45 kg/m3. For both scenarios, the potential change in bulk density is greatest in reservoirs
with high NTG and porosity. This indicates that these reservoirs have the greatest potential for
time-lapse gravity monitoring.

By modelling the bulk density change caused by CO2 displacing formation water in a saline
aquifer, I found that the bulk density decreases by -5 to -75 kg/m3 depending on the CO2
saturation and the pore volume. However, unlike in a gas reservoir where there is a large
contrast in fluid densities (between methane and water) across typical reservoir pressures and
temperatures, at high pressures the contrast between CO2 and water densities is small. This is
because supercritical CO2 has more fluid-like densities in the range of 700-900 kg/m3 at high
pressures (e.g. 20 MPa for T = 60°C). Therefore, it may be difficult (or require very large
injected volumes) to gravitationally detect CO2 displacing water at high pressures (large burial
depths).

Finally, I verified the accuracy of the vertical cylinder method by comparing my calculated
response to a published 3D model example. Similar results (less than 5% error) were obtained
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by approximating the block model of CO2 with a cylindrical model, without the need for
complex 3D modelling. This indicates that the vertical cylinder method is a useful and accurate
technique for quickly assessing the feasibility of gravity monitoring of gas production or CO2
injection.

3 Chapter 3 Feasibility

of

gravity

monitoring

of

gas

production, Northern Carnarvon Basin

3.1 Abstract
Aquifer influx and pressure depletion are key variables during the production and development
of a natural gas field. Knowledge of the spatial distribution of gas and water saturation, and
reservoir pressure, is important to optimize reservoir management, facilitate infill drilling
decisions, and predict recovery factors and production rates. To obtain an understanding of how
aquifer influx and pressure depletion varies across the reservoir, remote geophysical monitoring
techniques are desirable, particularly in offshore environments where well data is
geographically sparse.

The time-lapse seafloor gravity technique is a candidate for remote reservoir monitoring of
aquifer influx into producing gas fields in the Northern Carnarvon Basin. The feasibility of this
technique has not previously been demonstrated in this major resource basin. To study the
sensitivity of gravity to water influx or pressure depletion scenarios, I model zones of reservoir
density change using the vertical cylinder method I developed in Chapter 2. In strong waterdrive gas reservoirs, a field-wide height change in the gas-water contact greater than 5 m may
produce a detectable gravity response depending on the reservoir depth, porosity and net-to-
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gross sand ratio (NTG).

For a reservoir at a depth of 2 km, water influx into reservoir

compartments (~1.5 km radius) may be detectable if the reservoir has high porosity and NTG
and the height change in the gas-water contact is greater than 5-10 m. In depletion-drive gas
reservoirs, large pressure changes greater than 3-6 MPa (500-900 psi) throughout the reservoir
can produce a detectable response. Applying this technique to Carnarvon Basin gas fields
where the primary reservoir is the Mungaroo Formation suggests that gravity monitoring of
production related changes may be very feasible but needs to be fully assessed on a field-byfield basis.

FEASIBILITY OF GRAVITY MONITORING OF GAS PRODUCTION, CARNVARVON BASIN 44

3.2 Introduction
The timing of water breakthrough in producing gas wells is a key uncertainty impacting
ultimate gas recovery. Water production in a gas well reduces production rates until the well
cannot lift the water volumes and will no longer produce.

Therefore early detection is

important, especially in offshore environments where intervention is expensive (e.g. $50M+ per
well).

The degree of water influx strongly depends on the reservoir rock permeability and the size of
any adjacent aquifer, among other factors. In a producing gas reservoir with strong water
support, the gas saturation will decrease in zones of water influx. This may lead to modest
changes in seismic velocities and more significant changes in density (Figure 18). In the case of
poor connectivity between the reservoir and the aquifer, or the absence of a large connected
aquifer, there may be negligible water influx and pressure support causing reservoir pressure to
decline volumetrically with gas recovery. For these depletion-driven gas reservoirs, knowledge
of the spatial distribution of pore pressure decrease is important for reservoir management, and
for guiding infill drilling to improve recovery.

Repeat (time-lapse) geophysical surveys, especially gravity, seismic or electromagnetic
methods, may remotely detect changes in gas saturation over time (Gasperikova and Hoversten,
2006, Lumley, 2009, Lumley, 2010). Gravity data has the benefit of being directly proportional
to changes in subsurface density, which is a strong linear function of gas saturation (Figure 18).
In contrast, the seismic response is a highly non-linear function of the gas saturation making it
difficult to quantify changes in gas saturation until low saturations (~20% or less) are reached
(Figure 18). As a rule of thumb, gravity data can resolve reservoir density changes over a
distance similar to the target depth (Eiken et al., 2005).
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Gas production

Gas production

Figure 18. Model of P-wave velocity (above) and density (below) verses gas saturation for a sandstone
reservoir with a porosity of 25%. The velocity was modelled using Gassmann’s equation (1951) with the Reuss
average moduli of the fluids. For a gas reservoir, a decrease in gas saturation causes a negligible change in the
P-wave velocity for saturations above 20%, compared to more significant changes in density.
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A high-precision seafloor gravimeter was developed by Statoil and Scripps Institute of
Oceanography for monitoring of water influx into natural gas fields. A detailed description of
this method and the ROVDOG instrument is provided by Sasagawa et al. (2003) and Zumberge
et al. (2008). The time-lapse survey non-repeatable noise is in the range of 3-5 µGal (Zumberge
et al., 2008). At these noise levels, time-lapse gravity is capable of tracking height changes in
the gas-water contact (GWC) within a few metres, depending on the strength of water influx and
the reservoir properties (Zumberge et al., 2008).

The ROVDOG instrument acquired repeat gravity and depth measurements above the Sleipner
field in Norway, which detected water influx in the western part of the field. This was later
confirmed by early water breakthrough in gas producing wells (Alnes et al., 2008). A total
volume of water influx of

was estimated from changes in the gravity signal

and used in material-balance equations to estimate the volume of gas in place and the decrease
in reservoir pore pressure (Alnes et al., 2008).

The large undeveloped gas fields in the Northern Carnarvon basin may be good candidates for
gravity monitoring given the size of fields (typically multiple Tscf) and the physical properties
of the reservoirs involved. Although many have moderate target depths (~2-3 km depth BML),
the presence of thick gas columns (on the order of 100’s of meters) and high porosities (2030%) should create reasonably large gravity changes above water-flooded zones. To the best of
my knowledge, no feasibility studies on gravity monitoring of gas production in the Northern
Carnarvon Basin have been published to date and therefore, this is the focus of this chapter of
my thesis.

In this chapter, I assess the feasibility of gravity monitoring of gas fields in Northern Carnarvon
Basin using the vertical cylinder method presented in Chapter 2 of this thesis. I introduce the
significance and geological setting of the Northern Carnarvon Basin followed by the ranges in
rock and fluid properties from well-log data collected in Mungaroo Formation gas reservoirs. I
model zones of density change using vertical cylinder geometries to predict the peak gravity
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change response above producing gas reservoirs (both aquifer-driven and depletion-driven). My
results show that it may be possible to detect a change in the gravity field after a 3-5 m rise in
the GWC or a 3-6 MPa decline in reservoir pore pressure in typical Carnarvon Basin gas
reservoirs.

3.3 The Northern Carnarvon Basin: A feasibility study area for
gravity monitoring of gas production
3.3.1 Background
The Northern Carnarvon Basin is considered to be Australia’s most prolific hydrocarbon
province. The annual hydrocarbon production contributes to more than 60% of Australia’s total
production and approximately 74 Trillion standard cubic feet (Tscf) of economically
demonstrated gas resources are remaining (Geoscience Australia and ABARE, 2010).
Development of two of the largest gas fields in the basin, Gorgon and Io/Jansz, is underway and
the development of other giant gas fields is expected to commence over the next 5-20 years to
meet an expected increase in LNG demand in the Asia-Pacific region (Geoscience Australia and
ABARE, 2010).

Field development at Gorgon will be via high-rate subsea gas wells with long tiebacks (Evans,
2010). Timing of water breakthrough into the subsea gas wells is a key uncertainty that will
impact the ultimate gas recovery (Evans, 2010). Therefore early detection of aquifer influx into
the gas reservoirs is important, particularly in offshore subsea wells where intervention is both
difficult and expensive (e.g. $50M+ per well). Remote monitoring of aquifer influx using 4D
gravity data may be a cost-effective method for early detection of water movement toward the
producing gas wells.
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3.3.2 Geological Setting
The Early Palaeozoic-Recent Northern Carnarvon Basin covers a large area of approximately
500,000 km2 along the southernmost portion of the northwest continental margin of Australia, in
a geological region known as the North West Shelf (Hocking, 1988). The basin is located
predominantly offshore in water depths ranging from 200 m to over 3000 m. The sedimentary
fill is dominated by Mesozoic clastic and deltaic sediments with thicknesses exceeding 15 km in
Jurassic to Early Cretaceous depocentres (Geoscience Australia, 2010). The boundaries of the
basin are defined by the offshore Canning Basin to the northeast, the Pilbara Craton to the
southwest, the Southern Carnarvon Basin to the south, and the oceanic crust of the Argo,
Cuvier, Gascoyne abyssal plains to the northwest (Geoscience Australia, 2010). Major basin
faults trend north to northeast and define a series of structural highs and trough, the most
prominent being the Exmouth, Barrow, Dampier and Beagle Sub-basins, the Exmouth Plateau,
and the Rankin Platform.

The tectonic events and stratigraphic section are summarised in Figure 19.

A detailed

description of the tectonic events and stratigraphy of the Northern Carnarvon Basin is given by
Hocking (1988), Veevers (1988), and Longley et al. (2002).
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Figure 19. Stratigraphy of the Northern Carnarvon Basin with the timing of major tectonic events. The
Triassic Mungaroo Formation, circled in red, is a primary reservoir type for many of the gas fields in the
Basin. From the Geoscience Australia webpage (www.ga.gov.au/oceans/ofnwa_crnvn_Strat.jsp)
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3.3.3 Major gas accumulations
Natural gas resources in the Northern Carnarvon Basin are at various stages of development. In
2009, the remaining (unproduced) gas reserves greatly exceeded the cumulative gas production
for major gas fields located predominantly in the Exmouth Sub-basin (Figure 20). The location
of many of the fields off the shelf in deep water (greater than 500 m) (Figure 21) as well as high
CO2 content (e.g. Gorgon has ~15% natural CO2) makes these fields costly to develop.
Therefore, despite significant volumes of original gas in place (OGIP), typically ranging from 2
to 5 Tscf, except Gorgon and Io/Jansz, which have in excess of 16 Tscf each (Figure 20), these
fields have remained largely undeveloped until recently.

Natural gas accumulations in the Exmouth Sub-basin generally have low condensate yields of
about 3-12 bbl/MMscf typical of “dry gas” fields (Edwards et al., 2006). The location of the
gas fields close to Asian markets makes them ideal candidates for LNG processing and shipping
(Lumley, 2009). Prior to liquefying the gas, impurities such as CO2 must be removed and
subsequently disposed, often by releasing into the atmosphere.

One way to mitigate the

resulting CO2 emissions is to inject and store produced CO2 into a subsurface saline aquifer, a
process termed “geosequestration”. CO2 sequestration presents a new geophysical monitoring
challenge and is the focus of Chapter 4 of my thesis.
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Figure 20. Produced and remaining gas reserves (P50 = 50% probability) for major gas fields in the Northern
Carnarvon Basin. Gas fields are ranked in order of water depth; Angel to Wheatstone gas fields are shallow
water fields (less than 500 m) and Clio to Scarborough fields are deep water fields (greater than 500 m). Data
sourced from: GSWA (2009)

Figure 21. Location map of undeveloped oil fields (green), undeveloped gas fields (red) and developed oil/gas fields (purple) in the Northern Carnarvon Basin. Blue contours indicate water
depth. Source: IHS (2010)
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3.3.4 Review of Mungaroo geology
The thick fluvial channels and shoreface sands of the Mungaroo Formation are the principal
reservoir types of many large gas accumulations found along the Rankin trend and the Exmouth
Plateau in the Northern Carnarvon Basin (Edwards et al., 2006) (Figure 19). The Mungaroo
formation was deposited during the initial phase of Gondwana break-up (Silurian to Toarcian)
when sedimentary deposition in the basin was dominated by siliciclastic non-marine and
shallow marine sediments (Geoscience Australia, 2010).

A regional transgression in the

Triassic led to the deposition of marine claystone and siltstones of the Locker Shale. Following
this, the sediments that comprise the Mungaroo Formation were deposited in a primarily
regressive fluvio-deltaic system that prograded to the northwest covering most of the Northern
Carnarvon Basin (Vincent and Tilbury, 1988).

Widespread deposition of the Mungaroo

Formation occurred as a result of the broad, relatively unfaulted sag basins that existed during
this time (Geoscience Australia, 2010). Marine transgression during the latest Triassic to Early
Jurassic resulted in the deposition of marine shales and sands of the Brigadier Formation, which
overlies the Mungaroo Formation (Figure 19).

Rifting from the Early Jurassic onwards developed the dominant northeast-southwest structural
configuration evident today. Major extensional faults bounding the four main depocentres: the
Exmouth, Barrow, Beagle and Dampier Sub-basins, and the structural highs (e.g. Rankin
Platform) are associated with this rift phase and largely controlled the locations of sedimentary
deposition. Seafloor spreading during the late Jurassic resulted in the uplift and erosion of
sediments from the structural highs. Horst and tilted fault block structures such as the Rankin
Trend were formed, which generally dip to the northwest (Vincent and Tilbury, 1988).

Seafloor spreading and continental breakup in the Early Cretaceous resulted in erosion from
these structural highs. Rapid subsidence after continental break-up, lead to the basin-wide
deposition of claystone and siltstones of the Muderong Shale (Geoscience Australia, 2010).
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This is the main regional top seal in the Northern Carnarvon Basin and forms the main trap
style: Triassic Mungaroo sands in horst/tilted fault block structures unconformably overlain by
the sealing Muderong Shale (Longley et al., 2002). Shelfal marls and carbonates dominated the
deposition during the Mid-Cretaceous-Cenozoic in response to continual thermal subsidence
(Geoscience Australia, 2010). The progradation of these thick carbonate sequences resulted in
the deep burial of Mesozoic source and reservoir rocks and subsequent maturation on the
inboard part of the basin.

3.4 Rock and fluid properties of the Mungaroo Formation
To characterise the range in rock and fluid properties of the Mungaroo Formation, I collected
petrophysical data from 17 wells that intersected gas bearing sands in Mungaroo reservoirs
(Appendix 1). These wells are located in 15 large developed and undeveloped gas fields in the
Northern Carnarvon Basin. The data was sourced from well completion reports and journal
publications. These included APPEA publications (Jenkins et al., 2003, Korn et al., 2003,
Palmer et al., 2005) and SPE publications (Conroy et al., 2008).

Moderate variations in petrophysical properties exist across the 15 fields (Appendix 1). To
capture these variations in the gravity modelling, I define low, mid, and high values of each of
the properties (Table 1). The properties and values highlighted in bold, namely the residual gas
saturation

and the fluid densities, were calculated from other input properties.

I used Land’s equation (Land, 1971) to predict the residual gas saturation, the fraction of gas
remaining in the pore space of a reservoir rock after water influx has occurred, given the initial
gas saturation and a trapping parameter
water system the widely-used relationship is:

. Presented in standard nomenclature for a gas-
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where

and

parameter

are the initial and residual gas saturations, respectively.

is a function of the reservoir rock quality (Land, 1971). Using

from core plugs tests in Wheatstone-1, I calculated

The trapping
measurements

to be in the range of 3.5 to 4.5 and

assumed this to be representative of other Mungaroo gas reservoirs. Given the initial gas
saturation ranges from 0.70 to 0.90 (Appendix 1), I found the resulting residual gas saturation
range is ~0.12-0.20 using Equation 3.1.

Table 1. Low, mid and high values for reservoir rock and fluid properties representative of the Mungaroo
Formation in the Northern Carnarvon Basin. Net-to-gross sand ratio and porosity values are expressed as a
fraction of bulk reservoir volume. The initial gas saturation

and the residual gas saturation

are

expressed as a fraction of pore volume. Properties and values in bold were calculated.
Property

Low

Mid

High

Net to gross sand ratio

0.40

0.60

0.80

Porosity

0.15

0.23

0.30

0.70

0.80

0.90

0.12

0.16

0.20

Depth BML (m)

2000

2500

3000

Pore pressure (MPa) (psia)

32 (4600)

35 (5075)

39 (5600)

Temperature (°C)

80

100

120

Gas density (kg/m )

173

182

191

Water salinity (ppm)

10,000

20,000

30,000

983

989

993

3

3

Brine density (kg/m )

Average reservoir pore pressures and temperatures in the majority of the gas fields considered in
this study are between 32-40 MPa and 80-120°C, respectively.

The higher than average

reservoir pressure and temperatures at the Gorgon field are considered to be unrepresentative of
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Mungaroo Formation gas reservoirs in general given that the field is overpressured and deeper
compared to other shallower, normally pressured fields. Over this pressure and temperature
range, methane (the predominant species in dry gas) can be approximated as an ideal gas since
the compressibility z-factor is approximately one (Figure 22). Therefore, I calculated the
density of methane using the ideal gas law to be 173-191 kg/m3 between 32-40 MPa (Figure
23). I also calculated the regional geothermal gradient in the Northern Carnarvon Basin to be
about 3.25°C/100m (depth BML) (Appendix 3) using temperature data collected from well
completion reports for 12 different exploration and appraisal wells (Appendix 1).

Compressibility Factor for Pure Methane
1.4

Compressibility Factor Z

1.2
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Pressure (MPa)
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Figure 22.

T=100°C

T=120°C

Compressibility factor (Z) for pure methane (CH4) as a function of pressure at reservoir

temperatures of 80°C (dashed line), 100°C (solid line) and 120°C (dot-dash line) from NIST (Lemmon et al.,
2011). Since the compressibility factor is approximately one for pressures less than 40 MPa, methane can be
approximated as an ideal gas in Mungaroo reservoirs.
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I used the equations presented by Batzle and Wang (1992) to calculate the density of the
formation water given the salinity, pressure and temperature of the reservoir. These equations
are widely used in the petroleum industry and are applicable for fluids up to a pressure of
50MPa (Walls and Dvorkin, 2005). Formation water salinities obtained from produced water
analysis and/or well-log analysis (Appendix 2) are consistent with low-salinity (less than 30,000
ppm) normally-pressured reservoir systems commonly found onshore and offshore Australia
(Taggart, 2010). Given these values, I calculated the brine density in the Mungaroo Formation
to be in the range of 983-993 kg/m3. This value is relatively constant over the pressuretemperature range of Mungaroo reservoirs and is on average over five times higher than the
density of methane (173-191 kg/m3) (Figure 23).

Figure 23. Density of water (blue) and methane (red) verses pressure at two temperatures: 80°C and 120°C.
These temperatures cover the range for typical Mungaroo gas reservoirs, whilst reservoir pressures are
typically 32-40 MPa. The average water salinity is 20,000 ppm.
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3.5 Gravity monitoring of gas production
3.5.1 Production scenarios
The degree of water influx during gas production depends strongly on the reservoir rock
permeability and the size of any adjacent aquifer, among other factors. Reservoir pressure data
collected from wells in the Northern Carnarvon Basin indicates there is a common water
pressure gradient in the upper Mungaroo Formation across a number of fields (Figure 24)
(Jenkins et al., 2008). This suggests the presence of a regional aquifer.

Figure 24. Pressure recorded during downhole logging runs in a number of reservoirs in the Northern
Carnarvon Basin, including the Mungaroo Formation, indicates the presence of large gas columns and a
regional aquifer at various depths and locations across the Basin. Source: Jenkins et al. (2008).
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If the aquifer and the Mungaroo Formation reservoirs are well connected, a reduction in
reservoir pressure during gas production may lead to aquifer influx. In the case of poor
connectivity, there may be negligible water influx and pressure support, causing reservoir
pressure to decline volumetrically with gas recovery (Dake, 1983). Therefore to assess the
feasibility of gravity monitoring of Mungaroo-type gas fields, I modelled these two end-member
production cases: 1) water-drive and 2) depletion-drive.

In a water-drive reservoir, the change in bulk density
and

between production times

is given by,

(3.2)

where

is the net reservoir (sand) to gross volume ratio,

net rock volume,

and

is the fractional porosity of the

are the gas saturation values at times

and

, and

and

are the density of water and the density of gas in the reservoir, respectively (cf Chapter 2).
The fluid densities are considered constant because isobaric (constant pressure) conditions are
assumed.

Other assumptions are that the gas saturation is the complement of the water

saturation

and that the GWC remains horizontal during water influx (Figure 25).

In a depletion-drive reservoir, the change in bulk density
and

between production times

is given by,

(3.3)

where the difference in gas density,

, is negative for a pressure decline

assuming constant fluid saturations and water density for small pressure changes (cf Chapter 2).
Pressure effects such as connate water expansion and reservoir compaction are herein assumed
to be negligible since the rock matrix and water compressibility are much smaller than the gas
compressibility. I also assume no water influx and uniform pressure depletion throughout the
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field (Figure 26). In reality, a gas reservoir will normally experience a degree of both water
influx and variable pressure depletion during production.

(a) Water-drive gas reservoir

Seafloor

Depth (z)

Radius (R)
Gas reservoir

Height (L)

Water influx

Radius >> Height

Figure 25. A schematic illustration of the model used to represent a gas reservoir undergoing base water
influx. Cylindrical geometries with the labelled parameters shown were used to approximate the zone of
density change in the gravity modelling.

(b) Depletion-drive gas reservoir

Seafloor

Depth (z)

Radius (R)
Height (L)

-ΔP Gas reservoir
Radius >> Height

Figure 26. A schematic illustration of the model used to represent a gas reservoir undergoing uniform
pressure depletion. Cylindrical geometries with the labelled parameters shown were used to approximate the
zone of density change in the gravity modelling.
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3.5.2 Sensitivity of density change to input parameters
The change in reservoir bulk density during gas production is a function of the parameters given
in Equations 3.2 and 3.3 depending on the dominant drive mechanism. I establish low, mid and
high values of each of these parameters (Table 1) then use tornado plots to assess the sensitivity
of the bulk density change to each of these parameter separately (Figure 27a-b). The mid-case
of the bulk density change, calculated using the mid values of each of the input parameters, is
78 kg/m3 in a water-drive scenario and -11 kg/m3 in a depletion-drive scenario (assuming a 17.5
MPa decline in pore pressure). I test the sensitivity of the bulk density change to each input
parameter by varying one parameter at a time to low or high values while keeping all other
parameters at their mid value. To reduce the number of variables, I compute the product of the
net to gross sand ratio and the porosity, termed the fractional pore volume (PV). Then, the low,
mid, and high PV values expressed as a fraction of the reservoir bulk volume are 0.06, 0.15, and
0.24 vol/vol respectively.

The bulk density change is most sensitive to variations in the reservoir pore volume in both gas
production scenarios (Figure 27a-b). Because the change in gas saturation has a limited range
of 0.58-0.70, the bulk density change is not very sensitive to low-to-high variations in this
parameter. Similarly in the depletion-drive case, the low-to-high range for the initial gas
saturation is 0.70-0.90, which has little effect on the bulk density change. Figure 27a-b shows
the bulk density change is least sensitive to variations in gas and water density since these
quantities are almost constant across the pressure-temperature range of interest (Figure 23).

As a result of this sensitivity study, I model low, mid and high PV (pore volume) fractions
(0.06, 0.15, 0.24 vol/vol) and mid values for all other input parameter to capture a range of
outcomes. The resulting bulk density change in a Mungaroo gas reservoir with low, mid and
high PV fractions, for both water-drive and depletion-drive, scenarios is given in Table 2. The
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bulk density change computed for a depletion-drive reservoir assumes a 17.5 MPa (2500 psi)
pressure decline.

Variation in the bulk density change from the mid case (78 kg/m3)
in a water-drive reservoir

(a)
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Variation in the bulk density change from the mid case (-11 kg/m3)
in a depletion-drive reservoir
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Figure 27a-b. Tornado plots of the reservoir bulk density change for (a) a water-drive drive gas reservoir and
(b) a depletion drive reservoir assuming a 17.5 MPa (2500 psi) decrease in pore pressure. The mid-case bulk
density change is 78 kg/m3 in a water-drive scenario and 11 kg/m3 in a depletion drive scenario. The blue bars
show a positive deviation in the bulk density change while the green bars shown a negative deviation in the
bulk density change for each input parameter. The bulk density change is most sensitive to variations in the
pore volume in both production scenarios.
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Table 2. The bulk density change for a water-drive and a depletion-drive gas reservoir for low, mid and high
pore volume fractions. In the water-drive scenario, I assumed an initial and a residual gas saturation of 0.8
and 0.16 respectively. In the depletion-drive scenario, the bulk density change was calculated for a 17.5 MPa
(2500 psi) pressure decline. Both scenarios assume a brine density of 989 kg/m3 and a gas density of 182 kg/m3.
Scenario

3

Description

Bulk density change (kg/m )
Low PV = 0.06

Mid PV = 0.15

High PV = 0.24

1

Water-drive gas reservoirs

31

78

124

2

Depletion-drive gas
reservoirs

-4

-11

-17

3.5.3 Modelled gravity change in water-drive gas reservoirs
I calculated gravity anomalies caused by water influx into a Mungaroo-type gas reservoir with
low, mid and high pore volumes (Scenario 1 in Table 2) using the analytical vertical cylinder
method.

The resulting anomalies are plotted as contours in Figure 28a-c.

conservative threshold of detection (noise limit) of 5-10 µGal.

I assumed a
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Mungaroo Reservoir
Low Case - Strong aquifer support

(a)
30

Rise in GWC (m)

25

20

10 µGal

15

20 µGal
10

5

0
0.0

0.5

1.0

1.5

2.0

2.5

3.0

Radius to depth ratio

Mungaroo Reservoir
Mid Case - Strong aquifer support

(b)
30

Rise in GWC (m)

25

20
10 µGal

20 µGal

15

30 µGal
40 µGal

10

50 µGal

5

0
0.0

0.5

1.0

1.5

Radius to depth ratio

2.0

2.5

3.0

FEASIBILITY OF GRAVITY MONITORING OF GAS PRODUCTION, CARNVARVON BASIN 65
Mungaroo Reservoir
High Case - Strong aquifer support
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Figure 28a-c. Vertical gravity anomalies resulting from base water influx in a Mungaroo-type gas reservoir.
Low, mid and high pore volume cases are given in figures (a), (b) and (c) respectively. The threshold of
detection (noise level) corresponds to a 5-10 µGal gravity anomaly (below blue solid line). The height change
in the GWC required to produce a detectable gravity anomaly decreases with reservoir pore volume and R/z
ratio.

3.5.4 Analysis
The magnitude of the positive gravity anomaly increases with either a rise in the gas-water
contact or an increase in the radius-to-depth ratio (volumetric extent of aquifer influx) (Figure
28a-c). In a low PV field, a minimum detectable gravity anomaly of 5-10 µGal is produced
only after large volumes of water influx result in the GWC rising 6-12 or more metres (Figure
28a). In mid or high PV fields, it may be possible to detect around a 3-5 m rise in the GWC
depending on the reservoir depth and the areal extent of water influx.
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The ability to detect complex or isolated zones of water influx depends on the reservoir depth
and rock properties. For example, a 15 m rise in the GWC in a reservoir at a depth of 2 km
BML may be detected with time-lapse gravity data if the radius of water influx exceeds about
1km (R/z = 0.5) in a high PV field or 3 km (R/z = 1.5) in a low PV field (Figures 28a and 28c).
The smallest zone of water influx that gravity data can detect has a radius-to-depth ratio of
about 0.5 in a high PV field (Figure 28c). Therefore, a reservoir at 2 km depth BML requires a
minimum diameter of water influx of 2 km to produce a detectable gravity response.

3.5.5 Modelled gravity change in depletion-drive gas reservoirs
Next, I calculated gravity anomalies for a depletion-drive Mungaroo-type gas reservoir with
low, mid and high pore volumes (Scenario 2 in Table 1) using the vertical cylinder method. The
resulting anomalies are plotted as contours in Figure 29a-c assuming a reservoir thickness of
100m. I modelled up to a 30 MPa pressure decline, which corresponds to about a 75% decline
in pore pressure for a gas field at an initial reservoir pressure of 39 MPa. This level of pressure
decline is possible over the lifetime of an offshore gas reservoir where surface compressors are
installed; however, gas fields without compression are abandoned at much higher reservoir
pressures (Dake, 1983). I assumed the threshold of detection (noise limit) for repeat gravity
measurements is between -5 and -10 µGal.
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Mungaroo Reservoir
Low Case - Pressure Depletion
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Mid Case - Pressure Depletion
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Mungaroo Reservoir
High Case - Pressure Depletion
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Figure 29a-c. The vertical gravity anomaly caused by a decline in pressure in a 100 m thick Mungaroo gas
reservoir. Low, mid and high pore volume cases are given in figures (a), (b) and (c) respectively. The
threshold of detection (noise level) corresponds to a -5 to -10 µGal gravity anomaly (below blue solid line). The
decline in reservoir pore pressure required to produce a detectable gravity anomaly decreases with reservoir
pore volume and R/z ratio.

3.5.6 Analysis
In the pressure depletion case, the magnitude of the negative gravity anomaly increases with
both a decline in the pore pressure and an increase in the radius-to-depth ratio (Figure 29). In a
100 m thick low PV reservoir, a detectable gravity anomaly is produced after the pore pressure
has dropped by more than 15 MPa (2030 psi) uniformly throughout the reservoir. Assuming
ideal gas behaviour and an initial reservoir pressure of 35 MPa, this amounts to a fractional gas
recovery of 43% (Dake, 1978). In mid or high PV fields, the limit of detection is around a 5
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MPa pressure drop. This corresponds to a fractional gas recovery of 14% (Dake, 1978), which
is a third of the fractional gas recovered in the low PV field case.

The ability to detect compartments that have undergone pressure depletion during production
depends largely on size of the compartment, the reservoir depth and the pore volume. For a
Mungaroo Formation gas reservoir at a depth of 2 km BML, a 15 MPa decline in pore pressure
may be detected with time-lapse gravity data if the depleted compartment has a radius greater
than 1.5 km in a high PV field or 5 km in a low PV field (Figure 29a and 29c).

The contour plots in Figure 28a-c and Figure 29a-c demonstrate that gravity monitoring of gas
fields may be feasible but needs to be fully assessed on a field-by-field basis.

3.6 Example application of feasibility contour plots: the Pluto field
The contour plots in Figure 28 and Figure 29 are a useful tool for conducting a quick test of the
feasibility of time-lapse gravity monitoring of gas production. I demonstrate this process using
the Pluto gas field. The Pluto field is located in the Northern Carnarvon Basin and, together
with the nearby Xena gas field, has a dry gas recoverable volume is about 5 Tcf (Conroy et al.,
2008). The area of the Pluto gas field is approximately 100 km2 and the target depth is about 2
km BML. A cylindrical reservoir with an equivalent area has a radius-to-depth ratio of around
2.8. Assuming an average porosity of 25% and an average NTG of 65%, the fractional pore
volume is 0.16 vol/vol (Appendix 1). This is close to the mid PV value of 0.15 in the previous
models. Average reservoir thickness is assumed to be 100 m for this study.

Given the parameters above, I use Figure 28b and Figure 29b to assess the sensitivity of gravity
data to (1) a vertical height rise in the GWC across the field, and (2) uniform pressure depletion
throughout the reservoir, respectively. The results are given in Table 3. If there is strong water
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support at Pluto then it may be possible to detect a 3-5 m rise in the GWC across the field with
time-lapse gravity data. Alternatively, if depletion-drive is likely to be the dominant drive
mechanism then a pressure decrease of 3-6 MPa (700-1400 psi) is required throughout the gas
reservoir to produce a detectable gravity response.

Table 3. Minimum changes throughout the Pluto gas field for 1) a vertical height rise in GWC and 2) uniform
pressure depletion to produce a detectable gravity anomaly. The modelled reservoir has an R/z ratio of 2.8,
mid PV fraction of 0.15, and is 100 m thick. The density of gas is 182 kg/m3 and the density of water is 989
kg/m3.

Case

Description

Estimated minimum detectable
change at the Pluto gas field

1

Height rise in GWC

3-5 m

2

Uniform pressure depletion

3-6 MPa (700-1400 psi)
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3.7 Case study: Gravity monitoring of the Wheatstone gas field
3.7.1 Background
I selected the Wheatstone gas field to perform a case study for testing the feasibility of gravity
monitoring of gas production.

The field is located in the Northern Carnarvon Basin

approximately 100 km north-northwest of Barrow Island in 160-180 m of water (Palmer et al.,
2005) (Figure 30). With a gas resource exceeding 4 Tscf, the Wheatstone gas field will be
developed as an onshore greenfield liquefied natural gas and domestic gas project.

Gas,

condensate and formation water will be extracted via a series of subsea wells then transported to
a central platform prior to onshore gas processing.

Figure 30. Location map of the Wheatstone field and a schematic illustration of the proposed LNG facilities
and pipelines. From the Chevron webpage (www.chevronaustralia.com/ourbusinesses/wheatstone.aspx)
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At the discovery well Wheatstone-1, natural gas is accumulated in gently dipping reservoir units
in a horst structure (Figure 31). The reservoir units at Wheatstone-1 are comprised of two nonconformable sands: the Triassic Mungaroo AA fluvial sands and the overlying thin Late Jurassic
(Tithonian) marine sand (Figure 31).

The gas column between the Tithonian sand and

Mungaroo AA sands is in hydraulic communication and the gas pressure gradient is consistent
with a dry gas field (condensate to gas ratio of 7 bbl/MMscf) (Palmer et al., 2005). Water
pressure data from the water leg in Wheatstone-1 follows the same regional water gradient
established from offset wells, indicating that the field may be connected to a regional aquifer.

NW

SE

Wheatstone-1

Brigadier Fm

AA Sand

A Sand

Brigadier Fm

Undifferentiated
Mungaroo Fm

0

5

10 km

Figure 31. Schematic diagram of the geological units intersected at Wheatstone-1 from a NW-SE orientation.
The Tithonian sandstone and the Mungaroo AA fluvial sands are gas-bearing while the Mungaroo A sand is
water-wet. Adapted from Palmer at al. (2005)
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3.7.2 Rock and fluid properties
Moderate reservoir rock quality was observed at the Wheatstone-1 discovery well. The well
encountered a 142.5 m gross gas interval with 66.2 m of net gas pay (Palmer et al., 2005). This
is comprised of 4.6 m of net gas pay in the Tithonian sand and 61.6 m of net gas pay in the
Mungaroo AA fluvial sands. Average reservoir parameters over the Mungaroo AA sands, given
in Table 4, were established from the Wheatstone-1 well completion report. The fractional PV
over the gross reservoir interval is about 0.11 vol/vol, which is in between the low and mid
fractional PV values for Mungaroo gas fields previously established.

Table 4. Average values for petrophysical properties for the Mungaroo Formation in the Wheatstone gas
field. The properties and values in bold were calculated from the other input parameters using the same
methods discussed in the previous section of this chapter.
Property

Average value

Net to gross

0.45

Porosity

0.24
0.82
0.15

Depth BML (m)

2800

Pore pressure (MPa) (psia)

32 (4600)

Temperature (°C)

115

Water salinity (ppm)

22,500

3

979

Gas density (kg/m )

159

Water density (kg/m )
3
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3.7.3 Production scenarios
The strength of aquifer influx following the onset of gas production is a key uncertainty.
Pressure data suggests that the Wheatstone gas field may be connected to a regional aquifer.
Therefore, if there is good communication between the aquifer and the gas reservoir, strong
water influx may occur during production. Conversely, poor communication will limit the
amount of water influx causing reservoir pore pressure to decline with gas production. Given
the strength of the aquifer is uncertain, I modelled both water-drive and depletion-drive
production scenarios.

A vertical cylinder with a radius of 3 km was chosen to represent zones of density change
within the Mungaroo AA fluvial sands (Figure 32). Since the reservoir target depth is about 2.8
km BML, the corresponding radius-to-depth ratio is about 1.1. Water influx was modelled as a
vertically rising horizontal GWC (cf Figure 25) and pressure depletion was modelled as uniform
decline in pressure throughout the cylinder (cf Figure 26).

To calculate the resulting gravity anomaly, I used the equations for the vertical method
presented in Chapter 2 of this thesis and the average reservoir properties presented in Table 4.
In a water-drive scenario at the Wheatstone gas field, water influx is expected to cause an
average bulk density change of 59 kg/m3. In a depletion-drive scenario, a notional 16 MPa
(2300 psi) decline in reservoir pressure, which is half of the initial reservoir pressure, is
expected to decrease the bulk density by 7kg/m3 (assuming a gross reservoir thickness of 100
m). These values fall in between the low and mid PV density changes calculated for waterdrive and depletion-drive Mungaroo reservoirs in the previous section of this chapter (cf Table
2).
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Figure 32. Illustration of a 3 km vertical cylinder representing modelled water influx or pressure depletion in
the Wheatstone field used to evaluate the feasibility of gravity monitoring. The map portrays the top of the
Mungaroo AA fluvial sand within the Wheatstone horst with the truncating edge to the south and the gas
water contact (red line) to the north.
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3.7.4 Modelled gravity change in a water-drive and a depletion-drive
scenario
The gravity anomalies resulting from increasing water influx and pressure depletion within the 3
km cylinder at the Wheatstone gas field are shown in Figure 33 and Figure 34. I modelled up to
a 30 m rise in the GWC and a 25 MPa pressure decline, which corresponds to about a 78%
decline from the initial reservoir pore pressure of 32 MPa.

Water influx throughout a cylinder with a 3km radius
in the Wheatstonegas field
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Gravity anomaly (µGal)
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Figure 33. The vertical gravity anomaly caused by water influx into a vertical cylindrical zone (3 km radius)
in the Wheatstone gas field. Assuming the threshold of detection (noise limit) is 5-10 µGal, the minimum
detectable height change in the GWC over this cylindrical zone is about 7-13 m.
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Pressure Depletion throughout a cylinder with a 3km
Radius in the Wheatstone Gas Field
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Figure 34. The vertical gravity anomaly caused by pressure depletion into a vertical cylindrical zone (3 km
radius) in the Wheatstone gas field for a reservoir 100 m thick. Assuming a noise limit of -5 to -10 µGal, the
minimum detectable decline in pore pressure over this cylindrical zone is about 8-16 MPa.

3.7.5 Analysis
The time-lapse gravity response increases linearly with a uniform height change in the GWC
(Figure 33). Assuming the threshold of detection for repeat gravity measurements is 5-10 µGal,
the minimum detectable rise in the GWC over a cylindrical zone, with a 3km radius, is about 713 m.

Conversely, the magnitude of the time-lapse gravity response decreases linearly with a drop in
pore pressure (Figure 34). At the Wheatstone field in the AA fluvial reservoir sands, a decline
in pressure confined to a cylindrical zone with a radius of 3 km may produce a detectable
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gravity response if the pressure decline exceeds 8-16 MPa (1160-2320 psi) (Figure 34). This
corresponds to a 25-50% decrease from the initial reservoir pressure.

The ability to detect production related effects using time-lapse gravity measurements is largely
dependent on the reservoir rock quality (porosity and net-to-gross). Smaller rises in the GWC
or a lower decline in the reservoir pore pressure may be detectable if the fractional pore volume
is higher than the modelled case of 0.11 vol/vol (0.24 porosity and 0.45 net-to-gross sand ratio).
Therefore, it is useful to have a better understanding of the lateral and vertical variations in the
reservoir rock properties in order to determine if it is feasible to monitor gas production related
effects using time-lapse gravity data.

3.8 Conclusions
Gravity monitoring of water-drive and depletion-drive gas production from Mungaroo
Formation reservoirs appears to be practically feasible, but must be fully evaluated on a fieldby-field basis. The magnitude of the gravity anomaly depends on the decrease in gas saturation
and pore pressure, the reservoir pore volume (product of the porosity and the net-to-gross), the
target depth and the volumetric extent of the zone of density change. Variations in each these
factors can have a large effect on the gravity anomaly. I found that gas reservoirs with a high
fractional pore volume and a shallow target depth and/or large areal extent (i.e. high radius-todepth ratio) have the greatest potential for producing large gravity signals during gas
production. Therefore, they are the most promising for gravity monitoring.

I have established a method which should be helpful for evaluating the practical feasibility of
monitoring gas production with time-lapse gravity data.

Using the cylindrical method I

developed in Chapter 2 to calculate the gravitational response due to gas production, I
constructed contour plots of the gravity anomalies caused by 1) height rise in the GWC or 2)
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pressure depletion in a Mungaroo-type gas reservoir. These contour plots are useful because
they can be applied to a range of individual gas fields based on their pore volume, primary
depletion mechanism and field size.

By applying these surface plots to the Pluto and

Wheatstone gas fields located in the Northern Carnarvon Basin, I found that the Pluto gas field
may be more favourable to gravity monitoring than the Wheatstone field. This is because the
Pluto field has a shallower target depth, and a higher average porosity and NTG compared to the
Wheatstone field based on the findings in their discovery wells.

I have found that time-lapse gravity data may be able to detect reservoir compartments that have
undergone water-influx or pressure depletion during production; however, this depends largely
on size of the compartment, the reservoir depth and the pore volume. For example, time-lapse
gravity may detect a 15 m rise in the GWC in a Mungaroo-type reservoir (high PV) at a depth of
2 km BML if the radius of water influx exceeds about 1 km (R/z = 0.5). For the same reservoir
undergoing pressure depletion, a 15 MPa decline in pore pressure may be detected if the
depleted compartment has a radius greater than 1.5 km.

The lateral and vertical resolution of gravity data may be a limitation when spatially locating
where production effects are occurring within the reservoir. Since lateral resolution may be
similar to, or with inversion at best half, the depth of the target, it may be difficult to spatially
locate the area of density change caused by water influx or pressure depletion to within +/- 1 km
in the case of Mungaroo gas reservoirs found at 2-3 km depth BML.

4 Chapter 4 Feasibility of time-lapse gravity monitoring of
CO2 sequestration, Barrow Island, Northern Carnarvon
Basin

4.1 Abstract
Large amounts of carbon dioxide (CO2) may be produced in association with natural gas
extraction. To minimise CO2 emissions into the atmosphere, the produced CO2 can be reinjected into the subsurface for long-term storage (geosequestration). Monitoring of the storage
formation is important for verifying the safe containment of CO2 within the formation and for
providing an early warning of any breach in seal. Geophysical monitoring methods, especially
seismic, gravity, EM and satellite data, may be helpful to monitor the geological storage site for
changes in the reservoir pressure and saturation associated with CO2 injection.

I used the vertical cylinder method developed in Chapter 2 to determine the minimum amount
of CO2 injected into the subsurface that can produce a detectable change in the surface gravity
response.

I applied this procedure to a proposed storage site, the Barrow Island Dupuy

Formation, to test the feasibility of gravity monitoring of CO2 produced from the Gorgon
natural gas fields. For this study, I found that the minimum quantity of injected CO 2 that is
capable of producing a detectable gravity response above the Dupuy Formation is about 4-8
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million tonnes (MT) assuming that the injected CO2 is entirely in a mobile phase and that the
formation pressure and temperature are approximately constant during injection and expansion
of the CO2 plume. This corresponds to approximately 1-2 years of CO2 injection into the
formation. I tested the sensitivity of gravity measurements to CO2 leakage into a shallower
formation at a depth of 1 km below Barrow Island and found that approximately 0.5-1.0 MT of
CO2 is required to be detected by gravity at this depth.
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4.2 Introduction
Capture and storage of CO2 (CCS) into deep geological formations (geosequestration) provides
a means of reducing atmospheric CO2 emissions. The process involves capturing CO2 at major
sources (e.g. LNG facilities or power plants), compressing it, transporting it by pipeline and
injecting it into subsurface formations. Potential storage formations include depleted oil and
gas reservoirs, coal seams, or saline aquifer formations (porous reservoir rock saturated with
saltwater brine). CO2 leakage from storage formations can be avoided by careful site selection
and an effective monitoring plan to provide an early warning of any potential breach of seal.

Geophysical monitoring of the geological storage site is currently the principal method of
interest for assuring that CO2 is contained within the storage formation by verifying the quantity
and distribution of injected CO2 (IPCC, 2005). A number of geophysical techniques such as
time-lapse gravity, time-lapse seismic and inSAR satellite data are used to monitor injected CO2
(IPCC, 2005). The applicability and sensitivity of each method is site specific, however, timelapse seismic has a higher subsurface resolution compared to the other methods. The estimates
of Fabriol et al. (2011) suggest that the minimum amount of CO2 needed for detection is an
order of magnitude lower for time-lapse seismic (a few 100,000’s tonnes) compared to the other
techniques (a few million tonnes).

The physical properties of supercritical CO2 and porous storage rocks affect the detection limit
for the different geophysical methods. Supercritical CO2 sequestered at shallow depths has gaslike properties, resulting in large contrasts between CO2 saturated rocks and brine saturated
rocks. At these shallow depths, the bulk density of the rock is a strong linear function of the
CO2 saturation and gravity monitoring may be feasible (Figure 35) (Lumley et al., 2008). In
contrast, the seismic response is a highly non-linear function of the CO2 saturation making it
difficult to quantify changes in CO2 saturation greater than 10% with seismic data (Figure 35)
(Lumley et al., 2008). At deeper depths or higher reservoir pressures, supercritical CO2 has
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fluid-like properties and the density effect of increasing CO2 saturation is weak (Figure 35)
(Lumley et al., 2008). In this case, gravity monitoring will be less feasible. A change in the
seismic response should still be detected but quantifying changes in CO2 saturation greater than
about 30% will be difficult (Figure 35) (Lumley et al., 2008).

Figure 35. Density, P-wave velocity (Vp), and S-wave velocity (Vs) verses supercritical CO2 saturation for a
CO2-brine mixture in the Sleipner CO2 storage formation. The injected CO2 may have gas-like properties
(above) or fluid-like properties (below) depending on the reservoir pressure and temperatures conditions,
which affects the feasibility of time-lapse gravity and time-lapse seismic techniques. From Lumley et al. (2008)
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Gravity monitoring has been valuable at the Sleipner CCS project in the North Sea where
around 12 MT of CO2 have been injected into a saline aquifer since 1996 (Eiken et al., 2011).
In addition to gravity monitoring, six time-lapse seismic surveys have been acquired above the
injection site. The geometry of the top of the plume is well imaged by seismic amplitude maps,
however volumetric and quantitative estimates based on these maps and travel time differences
are challenging (Eiken et al., 2011). Inverting changes in the gravity signal using the geometry
of the plume imaged by seismic data has yielded an estimate of the average in-situ density of
CO2 of

(Alnes et al., 2011). Differences between this density and the density

estimated from temperature and pressure measurements in the storage formation have been
attributed to the dissolution of CO2 into the formation water.

By comparing the two

geophysically-estimated density values, an upper estimate of the rate of CO2 dissolution of 1.8%
per year was obtained, which otherwise could not have been estimated using 4D seismic data
alone (Alnes et al., 2011, Eiken et al., 2011).

The Sleipner project and other CCS projects (e.g. In Salah and Snohvit) are associated with
natural gas production, where the reservoir gas contains a high natural CO2 content (Eiken et al.,
2011). Many of the natural gas fields located offshore northwest Australia also have a high
natural CO2 content in the reservoir gas (Lumley, 2009, Lumley, 2010). For example, the
Gorgon field, one of the largest undeveloped natural gas fields in the world, contains
approximately 14% CO2. To minimise greenhouse gas emissions into the atmosphere, produced
CO2 from Gorgon will be injected into the Dupuy Formation, a saline formation located about 2
km below Barrow Island (Flett et al., 2008). Geophysical monitoring will be important for
observing plume movement in the Dupuy Formation and for detecting any possible leaks at an
early stage. To the best of my knowledge, no feasibility studies on gravity monitoring of CO 2
sequestration into the Dupuy Formation have been published to date and therefore, this is the
focus of this chapter of my thesis.

FEASIBILITY OF GRAVITY MONITORING OF CO2 SEQUESTRATION, CARNVARVON BASIN 85
To address the feasibility of using gravity methods to monitor the expansion of a CO 2 plume in
the Dupuy Formation, I calculate the change in reservoir density caused by CO 2 injection using
two hypothetical scenarios: 1) CO2 injection into a saline aquifer where reservoir pore pressure
is constant, and 2) CO2 leakage into a shallower formation at a depth of 1 km subsea 1 . I
estimate the minimum amounts of CO2 that may produce a detectable change in the gravity
response for these scenarios by using the vertical cylinder method of Chapter 2 of this thesis.
My results show that injecting CO2 into the Dupuy Formation may produce a detectable change
in the gravity response after about 4-8 MT of CO2 has been injected assuming isobaric and
isothermal reservoir conditions. This corresponds to approximately 1-2 years of injection at the
Barrow Island CCS project. I found that a detectable change in the gravity response may be
produced in the unlikely event that 0.5-1.0 MT of CO2 were to leak and accumulate into a
shallow saline formation at a depth of 1 km subsea.

1

It is highly unlikely that CO2 will leak from the Dupuy Formation given there are multiple, thick sealing
units between the reservoir and the seafloor. This hypothetical scenario simply aims to evaluate whether
time-lapse gravity measurements could detect CO2 leakage in the unlikely event it were to occur.
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4.3 Review of Gorgon CO2 sequestration project
4.3.1 Background
The Greater Gorgon gas fields located in the Northern Carnarvon Basin host a world-class gas
resource in excess of 40 Tcf (Geoscience Australia and ABARE, 2010). The Gorgon Project
will initially produce gas from the Gorgon and Io/Jansz gas fields via a subsea development
with a tie back to processing facilities located on Barrow Island (Figure 36). Reservoir gas in
several of the fields contains a high natural CO2 content, particularly in the Gorgon field which
contains approximately 14% CO2.

Extraction of the CO2 from the produced gas will be

performed at the processing facility prior to liquefaction into liquefied natural gas (LNG).

To mitigate CO2 emissions into the atmosphere, the produced CO2 will be sequestered into an
unused saline reservoir, the Dupuy Formation, located about 2 km below Barrow Island (Flett et
al., 2008). The current plan is to inject more than 2 Tcf or ~120 MT of CO2 over the life of the
Gorgon Project at a rate of approximately 3-5 MT per year (Flett et al., 2008). These proposed
volumes of injected CO2 would make this the largest CCS project in the world (IPCC, 2005).
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Figure 36. Development plans for the Gorgon LNG Project. Development will commence at the Gorgon and
Io/Jansz gas fields. Gas will be processed at an LNG facility located on Barrow Island prior to exporting as
LNG and piping for domestic gas supply. Produced CO2 will be separated at the LNG facility and disposed
via injection at over 2 km depth below Barrow Island. From Brantjes (2008)

4.3.2 CO2 trapping mechanisms
Geological storage of CO2 in carefully selected sites is expected to trap CO2 for thousands of
years. The suitability of the selected formation depends on the presence of a geological seal that
acts as a vertical flow barrier to upwardly migrating CO2. In addition to structural trapping,
three other permanent trapping mechanisms can sequester CO2 in a saline formation. These
include: residual saturation trapping of CO2 in the pore space of the reservoir, dissolution of
CO2 into formation water, and mineralisation of dissolved CO2 into carbonate minerals.
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Firstly, CO2 may be residually trapped in the pore space of an aquifer. This can occur along the
CO2 migration pathway and at the tail end of the CO2 plume when water imbibes behind the
migrating plume (Flett et al., 2004). After injection, CO2 is mobile and expels formation water
from the pore space. The density difference between the two fluids drives the lighter CO 2
upwards towards the cap rock of the reservoir. After migration, CO2 may remain trapped in the
pores in the form of bubbles as water imbibes behind the migrating plume. This process is
similar to residual gas trapping during gas field development and water-alternate-gas (WAG)
enhanced oil recovery (Flett et al., 2004).

Secondly, containment may occur through the dissolution of CO2 into the formation water. The
solubility of CO2 depends on the salinity, pressure and temperature of the brine formation
(Chang et al., 1998). Dissolution occurs when CO2 comes into contact with saline water at the
plume front. Under typical reservoir conditions, water containing dissolved CO2 is denser than
pure water (Flett et al., 2004).

The third mechanism for CO2 trapping is geochemical processes such as the precipitation and
dissolution of certain minerals when CO2-rich water reacts with the minerals in the rock matrix.
This process is the ultimate goal for permanent storage of sequestered CO2 and is predicted to
take place over 10 to 1,000 year time scales (Flett et al., 2004), although 4D seismic monitoring
has shown mineralisation to occur on faster time scales in the field (Lumley, 2010).

Reservoir simulation results of CO2 plume movement in the Dupuy Formation by Flett et al.
(2008) show how the fractions of mobile, residual, dissolved, and mineralised states of CO2
evolve over long time scales (up to 8,000 years). They found that when injection ceases, 75%
of the CO2 is expected to be in a mobile phase, 20% will be dissolved and 5% residually trapped
(Figure 37). Over time, permanent trapping of the CO2 relies less on structural trapping as the
fraction of dissolution and residual trapping increases (Figure 37).
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For this study, I assume that CO2 in the reservoir is entirely in a mobile phase given that
reservoir simulation studies have shown 75% will be mobile after 30 years of injection (Flett et
al., 2008). This allows me to make the simplifying assumption of a two-phase system (CO2 and
water) with no mixing between the fluids. As a result, I can calculate the change in reservoir
density due to CO2 draining formation water only using equations that are equivalent to the
strong-water drive gas production scenario modelled in Chapter 3 of this thesis.

Figure 37. The fraction of CO2 stored in the Dupuy Fm pore space in mobile, dissolved, and residual trapped
states modelled by reservoir simulations over long time scales. From Flett et al. (2008)

4.3.3 Geological background of the Dupuy formation
At the Gorgon CCS project, the CO2 injection targets are the reservoir sandstones of the Jurassic
Dupuy Formation located at a depth of approximately 2100-2500 m below the surface of
Barrow Island. Barrow Island is the surface expression of the dominant anticlinal feature in the
Barrow Sub-basin of the offshore Northern Carnarvon Basin (Geoscience Australia, 2010). It is
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located approximately 56 km off the northwest coast of Western Australia (Figure 36). The
stratigraphy beneath Barrow Island is given in Figure 38.

The Dupuy Formation is comprised of massive sandstones and bioturbated siltstones and is
between 200 and 500 m thick below Barrow Island. The rocks of the Dupuy Formation are
thought to have been deposited on an unstable sandy slope dominated by gravity driven process
such as turbidity currents and debris flows. Supercritical CO2 will be injected into two reservoir
intervals in the Dupuy Formation: the Upper Massive Sand and Lower Dupuy (Figure 39)
(Brantjes, 2008). Laterally discontinuous siltstones in the Dupuy and poorer quality sandstones
in the Upper Dupuy are expected to impede the vertical migration of CO2 (Flett et al., 2008).
The regionally extensive Barrow Group that overlies the Dupuy Formation will act as an
additional sealing unit.

Pressure and salinity differences between the Dupuy Formation and the overlying Basal Barrow
Group indicates poor hydraulic connectivity between the two aquifers and the existence of a
regional seal (Flett et al., 2008). The Basal Barrow Group top seal should sustain CO2 column
heights significantly larger than will be injected (CO2CRC., 2008). Overlying the Barrow
Group is the thick Muderong Shale, a regional seal for large gas columns in the Northern
Carnarvon Basin, which will provide further sealing capacity in the unlikely event that injected
CO2 were to reach the top of the Barrow Group (Flett et al., 2008).
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Figure 38. Schematic diagram of the stratigraphy below Barrow Island. The Dupuy Formation (highlighted
in red) is the CO2 injection target. From Flett et al. (2008)

Figure 39. Schematic diagram of the rock units of the Dupuy Formation. Arrows indicate the CO2 disposal
targets: the Upper Massive Sand and the Lower Dupuy. From Flett et al. (2008)
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4.3.4 Rock and fluid properties of the Dupuy Formation
The ‘Gorgon CO2 Data Well’ was drilled to evaluate the Dupuy Formation for CO2 injection
and storage. Details on the wireline logging and tests run are given in the well completion
report (basic data only), which is available on-line through WAPIMS (see webpage:
http://www.dmp.wa.gov.au/4187.aspx). Brantjes (2008) describes the log and core aquisition
programmes and gives an overview log for the Dupuy Formation (Appendix 1). I estimated the
average rock and fluid properties in the Upper Massive Sand and the Lower Dupuy Formation
using the log data, the Modular Formation Dynamic Tester (MDT) pressures and maximum
bottom-hole temperatures recorded in the data well (Figure 40 and Appendix 2). These average
properties are given in Table 5.

Table 5. Average petrophysical properties for the Upper Massive Sand and the Lower Dupuy, the CO2
injection targets below Barrow Island. Net-to-gross sand ratio and porosity values are expressed as a fraction
of bulk reservoir volume and the initial and irreducible water saturation values,

and

expressed as a fraction of pore volume. Properties and values in bold were calculated.
Property

Average value

Net to gross sand ratio

0.60

Porosity

0.25

Initial water saturation

1.0

Irreducible water saturation

0.30

Depth (mSS)

2100

Pore pressure (MPa) (psia)

21.2 (3075)

Temperature (°C)

95

Water salinity (ppm NaCl equivalent)

8,000

3

979

CO2 density (kg/m )

537

Water density (kg/m )
3

respectively, are
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I assume the Dupuy Formation is initially 100% water saturated (fractional saturation of 1.0)
although it is common for saline aquifers in hydrocarbon provinces to be saturated with
dissolved methane (Taggart, 2009). My assumption is likely to be valid because only clean
brine was produced during MDT runs and residual hydrocarbons were observed in less than 5%
of the entire Dupuy Formation (Brantjes, 2008). I used a notional irreducible water saturation
of 0.30.

Pressure and salinity data recorded in the Barrow Group and the Dupuy Formation show that the
two aquifers are not in pressure communication and the existence of a regional seal (Figure 40).
This seal must have been effective over geological time to have a salinity contrast of more than
20,000 ppm NaCl equivalent between the two aquifers (Flett et al., 2008). I calculated the
density of the formation water in the Dupuy at the average initial reservoir pore pressure and
temperature conditions (21.2MPa and 95°C) using the empirical equations presented by Batzle
and Wang (1992). I found the density to be about 979 kg/m3 for a formation water salinity of
8,000 ppm.
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Figure 40 Pressure and salinity measurements in the Barrow Group and the Dupuy Formation from Barrow
MDT (red circles) and Dupuy MDT (blue circles). Pressure depletion in the Barrow Group as a result of
formation water extraction for oilfield activities since 1964 has not affected the Dupuy Formation. This
indicates that the two aquifers are not in pressure communication. The significant offset in the formation
water salinity for the two aquifers is also indicative of hydraulic separation. From Flett et al. (2008)

I calculated the density of CO2 using the Span-Wagner Equation of state (EOS) (1996) available
on-line through the NIST database (Lemmon et al., 2011). I found that pure CO2 injected into
the Dupuy will be in a supercritical state and have a gas-like density of about 537 kg/m3 once
equilibrium is reached. Since the formation pressure and temperature conditions are above the
critical point

, the density of injected CO2 will not vary

significantly for small changes in pressure and/or temperature (Figure 41).
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Dupuy Fm.

X

Figure 41. The density of CO2 verses temperature with isobars indicating lines of constant pressure. The
critical point indicated by the circle at

= 31.3°C and

= 7.38 MPa is the maximum temperature and

corresponding pressure that CO2 can coexist as a liquid and a gas. Average pressure and temperature
conditions in the Dupuy Formation (95°C, 21.2 MPa) indicated by the orange rectangle, are well above the
critical point. Hence, the density of CO2 at formation conditions will be around 500 kg/m3 and will not vary
significantly for small changes in pressure and/or temperature.

The red cross marks the pressure and

temperature conditions estimated for a formation at a shallower depth of 1 km subsea (58°C, 9.53 MPa) where
the density of CO2 is about 320 kg/m3. The density of CO2 at these conditions will be more sensitive to changes
in pressure and/or temperature. Adapted from Bachu (2003).

The presence of impurities can significantly alter the CO2 density from that of its pure state
(Himmelblau and Riggs, 2004). For this study, I assumed that the injected CO2 is pure and that
there is no chemical mixing of the two phases (brine and CO2) in the pore space of the
formation.

FEASIBILITY OF GRAVITY MONITORING OF CO2 SEQUESTRATION, CARNVARVON BASIN 96
To model CO2 leakage into a shallower formation, I need to estimate the formation pressure and
temperature mid-way between the reservoir and the surface. To do this, I assume that pressure
and temperature increase linearly with depth. I extrapolate the pressure gradient in the Dupuy
Formation (Figure 40) of 0.417 psi/ft (9.43 MPa/km) to the surface, and fit a straight line to the
maximum temperature measurements given in Appendix 2.
temperature gradient of
depth

From this, I established a

. Then, I can estimate the pressure and temperature at any

in kilometres below Barrow Island using the following equations,

where 0.1 MPa and 25°C are assumed to be the surface pressure and temperature conditions.
From these equations, I estimate that the pressure and temperature in a formation located at a
depth of 1 km below Barrow Island are about 9.53 MPa and 58

respectively. At this pressure

and temperature the density of CO2 is about 320 kg/m3 and the density of water is 994 kg/m3
assuming a water salinity of 8,000 ppm NaCl equivalent. Since the pressure and temperature at
this depth is closer to the critical point, small changes in reservoir temperature can lead to large
variations in the CO2 density (Figure 41).

When CO2 is injected into the Dupuy formation, local and regional pressures and/or
temperatures may increase. It is important to limit pressure build-up close to the injection well
to prevent fracturing the cap rock or re-activating nearby faults (Streit and Hillis, 2004). An
increase in pressure of up to 4.65 MPa (675 psi) is expected to be available without damaging
the formation (CO2CRC., 2008). Any further increase in pressure will need to be mitigated by
reducing injection rates and/or starting water production with a series of pressure relief wells.
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4.4 Change in the gravitational response due to CO2 injection into
the Dupuy Formation
4.4.1 Injection scenarios
For this study, I modelled two hypothetical CO2 injection scenarios: 1) CO2 injection into the
Dupuy Formation aquifer under constant reservoir pressure and temperatures conditions, and 2)
CO2 leakage into a shallower formation at a depth of 1 km subsea. In scenario 1, the density of
CO2 is 537 kg/m3 while in scenario 2 the density is 320 kg/m3 due to the lower formation
pressure and temperature conditions at a shallower depth (Table 6).

Table 6. Summary of the pressure and temperature conditions used to calculate the density of formation
water and injected CO2 in the two modelled scenarios.

Scenario

Pressure

Temperature

Density of

Density of
3

3

(MPa)

(°C)

water (kg/m )

CO2 (kg/m )

1

21.2

95

976

537

2

9.53

58

994

320

In both cases, I approximate the geometry of the plume of CO2 with a vertical cylinder (Figure
42).

I assume isothermal conditions during CO2 injection and piston-like sweep of the

formation water by the injected CO2. Therefore, the fraction of CO2 saturation in the pore space
increases instantaneously to 0.70 behind the plume front. In scenario one, the largest CO 2
plume has a radius of 4500 m and a height of 60 m. This represents approximately 120 MT of
injected CO2 (given the reservoir properties in Table 1), which is equivalent to the proposed
amount of CO2 that will be injected over the lifetime of the Gorgon CCS project.
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(1) CO2 injection under isobaric conditions

Mean sea level

Depth = 2100 m
Radius = 0-4500 m

CO2 plume
+SCO2 = 0.70

(2) CO2 leakage into a shallower formation

Height = 0-60 m

Mean sea level

Depth = 1000 m

Radius = 0-3000 m
Leaked CO2 plume
+SCO2 = 0.70

Figure 42.

Height = 0-60 m

The vertical cylinder models used to represent a plume of CO2 1) injected into the Dupuy

Formation and 2) leaked into a shallower formation. The resulting gravitational response depends on the
labelled parameters, which were varied across the range of values shown. In both scenarios the change in the
CO2 saturation is 0.70.
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4.5 Density change for Injection scenarios
I use the vertical cylinder method developed in Chapter 2 in this thesis to compute the gravity
anomaly for each scenario. The calculated vertical gravity anomaly is defined as the difference
in the gravity signal above the saline formation after and prior to the development of a CO 2
plume. The equation used to calculate the change in the bulk density

due to CO2

displacing formation water (as presented in Chapter 2 of this thesis) is,

where

is the net-to-gross sand ratio,

is the CO2 saturation after injection,

is the fractional porosity of the net rock volume,
and

are the densities of CO2 and formation

water, respectively. The calculated changes in bulk density for both scenarios are given in Table
7. The density change is higher in the second scenario because the contrast between the
densities of CO2 and water is higher. This combined with the shallower depth will result in a
larger gravity signal for an equivalent sized CO2 plume.

Table 7. Change in bulk density due to CO2 injection for the two modelled scenarios.
Scenario

1

2

Description
CO2 displaces brine in the Dupuy
Formation at a depth of 2 km subsea
CO2 leaks and accumulates in a
reservoir at a depth of 1 km subsea

3

Bulk density change (kg/m )

-46

-71
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4.6 Modelled gravity response for CO2 injection scenarios
Contour plots of the resulting gravity anomalies for the two scenarios are shown as a function of
the CO2 plume radius and height in Figure 43 and Figure 44. In both scenarios I assume that the
smallest detectable gravity anomaly is -5 to -10 µGal.

Gravity anomaly with CO2 injection into the Dupuy Fm
60

Height of CO 2 plume (m)

50

40
-10 µGal
-20 µGal

30

-30 µGal
-40 µGal

20

-50 µGal
10

0
0

750

1500

2250

3000

3750

4500

Radius (m)

Figure 43. Contour plot of the calculated gravity anomalies due to a CO2 plume in the Dupuy Formation
(depth of 2.1km subsea). The CO2 plume is approximated by a vertical cylinder model with a fractional CO2
saturation of 0.70 in the pore space. Isobaric conditions are assumed. The gravity anomaly is a function of the
radius and the height of the plume. A 5-10 m CO2 plume capable of producing a gravity anomaly of -5 to -10
µGal is at the limit of detection.
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CO2 leakage into a formation at a depth of 1km BML
60

Height of CO 2 plume (m)

50

40
-10 µGal
-20 µGal

30

-30 µGal
-40 µGal

20
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10

0
0

750

1500

2250

3000

3750

4500

Radius (m)

Figure 44. Contour plot of the calculated gravity anomalies due to a CO2 plume that has leaked into a shallow
formation (depth of 1 km subsea). The CO2 plume is approximated by a vertical cylinder model with a
fractional CO2 saturation of 0.70 in the pore space. Isobaric conditions are assumed. The gravity anomaly is a
function of the radius and the height of the plume. A 2-5 m thick CO2 plume capable of producing a gravity
anomaly of -5-10 µGal is at the limit of detection.
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4.6.1 Analysis
CO2 injection into the Dupuy Formation will cause a decrease in the surface gravity field
measured on the seafloor directly above the injection site (Figure 43). This is a result of the
displacement of denser water by lighter CO2. Injecting greater quantities of CO2 (increasing the
radius and or height of the cylindrical plume) will increase the magnitude of the negative
gravity signal thereby improving the signal-to-noise ratio. The -10 µGal contour line shows the
range of sizes of a cylindrical plume of CO2 that can produce a detectable gravity response. For
example, a 15-30 m thick plume with a radius of 1.5 km in the Dupuy Formation should be
detectable.

CO2 leakage up into a shallower formation will produce a larger gravity anomaly for a given
amount of injected CO2 compared to a deeper formation such as the Dupuy (Figure 44). This is
a consequence of both the higher density contrast between CO2 and brine and the shallower
formation depth. This suggests that CO2 leakage into shallow formations will be easier to detect
with time-lapse gravity measurements than the injection of CO2 into the Dupuy Formation.

The contour plots in Figure 43 and Figure 44 are a useful tool for determining the minimum
height resolution of time-lapse gravity data in both scenarios. Assuming that CO2 injected into
the Dupuy Formation has swept water throughout a cylindrical volume with a radius of 4500 m,
the minimum resolvable height is about 5-10 m. For the CO2 leakage case, the minimum height
resolution improves to 3-6 m. In addition, the minimum lateral resolution (diameter) of the CO2
plume varies largely for the two cases. In scenarios 1, the minimum lateral resolution is about
1000 m when the height of the plume is 60 m. This is considerably better in scenario 2 where
for the same plume height of 60 m, the minimum lateral resolution is about 300 m.
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4.6.2 Surface gravity response related to mass of injected CO2
I determined the mass of injected CO2 associated with different sized CO2 plumes to quantify
how much injected CO2 is required to produce a detectable gravity anomaly. At any given point
along the

contour line in Figure 43 and Figure 44, the associated mass of CO2 can be

estimated from

where

is the density of CO2, NTG is the net-to-gross sand ratio,

the change in CO2 saturation,

is the cylinder radius and

is the porosity,

is

is the cylinder height as derived in

Chapter 2 of this thesis (Equation 2.13). For example in scenario 1, the injected mass of CO2
covering a cylindrical volume with a height of 28 m and a radial extent of 1500 m is
approximately 9.5 MT (Figure 43). Therefore, about 5-10 MT of CO2 injected into the Dupuy
Formation can produce a detectable change in the gravity response.

I calculated the mass of injected CO2 that could result in a detectable gravity response of -5-10
µGal for both scenarios (Figure 45). In the first scenario, where CO2 is injected into the Dupuy
Formation, the minimum amount of CO2 that can produce a detectable time-lapse gravity
response is about 4-8MT of CO2. Given that around 3-5 MT of CO2 will be injected per year
into the Dupuy Formation it may be possible to detect a change in gravity after about 1-2 years
of injection. If CO2 has leaked up to a shallower depth of 1 km (scenario 2) the sensitivity of
time-lapse gravity measurements to injected CO2 improves significantly such that only 0.5-1.0
MT of CO2 is required to produce a measurable gravity anomaly at the surface.
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Minimum amount of detectable CO2 for the modelled scenarios
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Figure 45. The minimum amount of CO2 that can produce a detectable gravity response at -10 µGal for the
two modelled scenarios. Scenario 1 (blue dashed line) corresponds to CO2 injection into the Dupuy Formation
at a depth of 2.1 km below Barrow Is. The minimum amount of CO2 that can produce a detectable change in
the gravity response is about 8 MT. In scenario 2 (purple dot-dash line), CO2 has leaked into a shallower
formation located 1 km below Barrow Is. In this case, the minimum amount of CO 2 that may be detected is
about 1 MT. If the noise level is -5 µGal, the detectable amounts of CO2 are around 4 MT and 0.5 MT
respectively. In both scenarios, the CO2 plume was approximated by a vertical cylinder. The curves start at
the minimum lateral resolution of 1 km for scenario 1 and 300 m for scenario 2.
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4.7 Conclusions
Time-lapse gravity measurements acquired above a CO2 sequestration site may detect a
decrease in the gravity response when lighter CO2 displaces denser formation water during
injection. The amount of fluid displacement affects the magnitude of the gravity signal and will
depend upon the rock properties of the storage formation, pressure, temperature, and the rate of
CO2 injection amongst other factors. During plume migration, CO2 may dissolve into the
formation water, undergo geochemical reactions or be residually trapped within the pore space.
These effects have not been included in the modelling because they are predominantly postinjection processes but they may also have an effect on the time-lapse gravity signal.

In addition to the amount of fluid displacement that takes place, the contrast in density between
formation water and CO2 affects the size of the gravity anomaly. The density contrast is less at
deeper formation depths (or higher reservoir pressures) when supercritical CO 2 has more fluidlike densities. Therefore, gravity monitoring is more favourable at shallower depths where CO2
has a gas-like density and the density contrast with water is therefore higher.

Approximating the geometry of a plume of CO2 with a vertical cylinder is a useful method to
help evaluate if gravity monitoring of CO2 sequestration sites is feasible. I applied this method
to the proposed storage site for CO2 produced from the Gorgon gas fields, the Dupuy
Formation, which is located over 2 km below Barrow Island. Contour plots of the gravity
anomalies caused by CO2 injection without an increase in pore pressure demonstrate that
significant amounts of CO2 must be injected in order to produce a detectable gravity anomaly.
In excess of 4-8 MT of CO2 (with an areal extent of 7 km2) must be injected to produce a
detectable change in the gravitational response.
injection at Barrow Island.

This represents about 1-2 years of CO2
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I found that the sensitivity of repeat gravity measurement improves when the depth to the CO 2
plume decreases. I modelled an accumulation of CO2 in a formation at a burial depth of 1 km
below the surface of Barrow Island and found that about 0.5-1.0 MT of CO2 may be detected
with time-lapse gravity measurements. This suggests that it may be more feasible to use repeat
gravity measurements to monitor CO2 sequestration (and leaks) in shallower formations. My
results compare well with the case at the Sleipner CCS project, where the viability of time-lapse
gravity for monitoring of CO2 sequestration in the Utsira sand (at a depth of less than 1 km) has
been successfully demonstrated.

5 Chapter 5 Feasibility of time-lapse gravity monitoring of
gas production: 3D modelling studies

5.1 Abstract
Under favourable noise conditions, time-lapse gravity measurements may detect changes to the
subsurface density caused by water influx into a gas reservoir. To predict the potential gravity
anomalies associated with water influx, forward modelling can be used, where gravity
anomalies are calculated from geological models of subsurface density change.

These

geological models may vary in complexity from simple shapes (e.g. vertical cylinder) with
homogenous properties to very complex 3D reservoir models with heterogeneous properties.

Using an object based modelling algorithm, I constructed a 3D heterogeneous reservoir model
representing the fluvial channels of the Mungaroo Formation, the primary reservoir type of
many Northern Carnarvon Basin gas fields.

I modelled basal water influx into the

heterogeneous reservoir to establish the sensitivity of repeat gravity measurements to changes in
the height of the gas-water contact. I found that water influx throughout an 8 m thick channel
belt roughly 8 km long and 2 km wide at the base of the reservoir (at a depth of 2 km BML)
produces a detectable positive gravity anomaly that is orientated along the axis of the channel.
The corresponding degree of gas production is about 0.28 Tscf. Small-scale variations in the
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density change within the channels are not resolvable due to the limited lateral resolution of
gravity data.

My results demonstrate that changes to the gravity response may provide

information about where water has entered into a producing gas reservoir on a broad scale.
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5.2 Introduction
Gravity anomalies can be predicted from models ranging from simple shapes of subsurface
density change with homogenous properties to complex 3D reservoir density models with
heterogeneous properties. I use the former method in the previous chapters of this thesis,
invoking vertical cylinder geometries to approximate zones of density change during gas
production and CO2 sequestration. This method is useful for providing a quick estimate of the
change in the gravity response without the need for complex 3D reservoir modelling. In this
chapter, I model the change in the gravity response using the second method, where I build a
heterogeneous 3D reservoir model to represent spatially variable density changes in the
subsurface.

Heterogeneous reservoir models can be simulated from the 3D reservoir volume and statistical
distributions of petrophysical properties in the reservoir. Typically, these models integrate a
range of data sources including well logs, seismic data and production fluid-flow data. These
reservoir models are useful for simulating fluid flow, forecasting hydrocarbon production and
assisting in development well drilling decisions. The models built in this study are not specific
to any one reservoir and no specific field-based seismic data or well data was used. However,
the reservoir rock properties were determined from actual Carnarvon Basin well log data and
populated on a facies-by-facies basis.

Outputs of density changes over time from reservoir simulation models can be used to assess the
feasibility of time-lapse gravity monitoring of production related changes. At the Prudhoe Bay
Field in Alaska, outputs from a suite of 3D reservoir models were used to demonstrate the
feasibility of time-lapse gravity data for monitoring a gas-cap water-flood (Hare et al., 1999).
Also, reservoir simulations of changes in the gas-column height in a North Sea gas-condensate
field were used to demonstrate that gravity data could potentially detect areas of water sweep
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(Stenvold et al., 2008). Results from these modelling studies were used to determine the total
number of gravity surveys and the timing of the surveys to optimise reservoir monitoring.

In this chapter, I test the sensitivity of repeat gravity measurements to changes in the height of
the gas-water contact (GWC) using 3D heterogeneous reservoir models. The geometry and
properties of the models are representative of Mungaroo Formation gas reservoirs, the primary
reservoir type of many Northern Carnarvon Basin gas fields. I simulate the change in the
gravity response for different GWC heights by using the VPmg gravity modelling algorithm
(Fullagar et al., 2000).

My results demonstrate that changes to the gravity response may provide information about
where water has entered into a producing gas reservoir on a broad scale. I find that water influx
throughout an 8 m thick channel belt roughly 8 km long and 2 km wide located at the base of
the reservoir (2 km below mudline) produces a detectable positive gravity anomaly that is
orientated along the channel axis.

Decreasing the reservoir depth to 1 km, increases the

magnitude of the gravity response and reduces the spread (increases the resolution) of the
anomaly. For reservoirs at these depths, time-lapse gravity data cannot resolve small-scale
spatial density variations within the water-flooded zones.
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5.3 3D Gravity modelling method
To model the gravity response above the 3D reservoir models, I use a number of software
packages.

Firstly, I build 3D reservoir models in the Paradigm package SKUA

(www.pdgm.com).

Then, I forward model the gravity response using the VPmg gravity

modelling algorithm (Fullagar et al., 2000). I used the Potential Fields Module developed by
Mira Geoscience to directly perform the VPmg gravity calculations within SKUA.

To forward model the gravity response, 3D geological models are subdivided into a number of
cells and each cell within the model is assigned a property (density contrast) and a rock type.
This defines the local model, which is then embedded into a half space to prevent the model
from terminating abruptly and causing modelling artefacts. To compute the gravity response,
the model is subdivided into a set of closely packed vertical rectangular prisms and the
contribution from each prism is summed (Figure 46). The lateral extent of the prisms are
specified by the x and y grid cell size. Each geological unit can have either homogenous or
heterogeneous properties. If the unit is defined as heterogeneous, the prisms are subdivided
vertically (Figure 46).

Unit A

Unit A

Figure 46. Cross section of the vertical prisms generated to model thin (upper red line to lower red line) and
thick units (lower red line to blue line) in VPmg. Unit A is defined as homogeneous on the left and
heterogeneous on the right, in which case the prisms are subdivided vertically.
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Since time-lapse gravity data are sensitive to the change in the reservoir density over time, the
properties assigned to the cells within the geologic model are the relative change in density or
the density contrast only. For example, in a producing gas reservoir, the density contrast is
defined only within the reservoir where water influx has occurred. Outside of the reservoir the
density contrast is set to zero. The density change caused by water influx depends on the rock
and fluid properties, the reservoir state variables such as pressure and temperature, and the
dominant drive mechanism (cf Chapter 2 and 3).

The numerical precision of the calculated gravity response in VPmg is 0.001 mGal (1 µGal).
Since the change in the gravity response is expected to be on the order of a few µGal, I upscaled the density contrast by a factor of 1000, forward modelled the gravity response, and then
down-scaled the results by 1000. Since gravity is a linear function of the change in density, this
up-scaling and downscaling effectively increases the precision of the gravity response
calculated with VPmg to 0.001 µGal.

5.4 3D Homogenous models of gas production
I construct 3D models with simple geometries and homogeneous properties to test the
sensitivity of gravity data to production related effects. The three 3D models are: 1) vertical
cylindrical models of water influx, 2) rectangular models of water influx, and 3) rectangular
models of pressure depletion. This work validates the feasibility analysis of gas reservoirs
established in previous chapters using the analytical equation for a vertical cylinder, and
provides an analysis of the lateral resolution of gravity data.
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5.4.1 3D Cylindrical models of reservoir water influx
5.4.1.1 Inputs and Cases
The first 3D models built with a simple geometry and homogeneous properties have a vertical
cylinder shape. Gravity anomalies are calculated above the centre of the cylindrical models for
three different lateral extents (Figure 47). The depth, radius and thickness of each model are
given in Table 8.

To test the effect of water influx into the reservoir, the density contrast throughout the
cylindrical models is set to 125 kg/m3, a typical value expected when water displaces gas in a
high pore volume reservoir (cf Section 3.5.1 of Chapter 3 of this thesis). A density contrast of
zero is defined everywhere outside of the cylinder. The radius is varied to examine the effect of
the reservoir extent on the lateral resolution or spread of the gravity anomaly

Observation profile

Depth=2000 m

Radius=0.75km, 1km, 1.5 km

Density contrast =125 kg/m 3

Height =30 m

Figure 47. Vertical cylinder model used to represent a zone of water influx in a producing gas reservoir.

5.4.1.2 3D Cylindrical model results
To simulate a reservoir depth of 2 km below mudline (BML), I model the synthetic gravity
response at a height of 2 km above the cylindrical reservoir models.

I defined 50 m
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measurement spacing over a 10 km by 10 km grid. Profiles of the gravity anomalies resulting
from water influx throughout a cylindrical volume are displayed in Figure 48. The anomalies
are symmetrical around the axis of the cylinder (located at 5000 m Easting).

Gravity anomalies due to vertical cylinder models
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Figure 48: Gravity profiles along the centre of the 3D cylindrical reservoir (with respect to width) undergoing
base water influx. The 30 m thick cylindrical reservoir is centred at 5000 m Easting with a diameter of 1.5 km,
2.0 km, or 3.0 km at a depth of 2 km BML.

5.4.1.3 Analysis
A positive gravity anomaly results from water displacing gas throughout a 3D cylindrical model
(Figure 48). The peak gravity response occurs along the axis of the cylinder and the magnitude
and spread of the anomaly increases with the cylinder’s radius (Table 8). For example, a peak
gravity response of 10 µGal is produced by water influx throughout a cylindrical zone 30 m
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thick with a diameter of 1.5 km. This is equivalent to the 10 µGal upper limit of detection using
current gravity technology (Figure 48).

The lateral resolution of the gravity anomaly is measured by the width of the peak at half the
maximum amplitude (“half-width”). In the case of perfect lateral resolution, the half-width of
the anomaly would equal the diameter of the cylinder. Half-widths of the anomalies resulting
from water influx are much greater than the diameter of the cylindrical models because the
reservoir depth is large (Figure 48 and Table 8). For example, the gravity anomaly due to a
cylindrical zone of water influx with a diameter of 1.5 km has a half width of 3.3 km.

I compare the numerical peak gravity responses calculated from the 3D cylindrical models to
the analytical predicted peak response calculated from the vertical cylinder method (cf Chapter
2) (Table 8). As expected, the numerical and analytical peak gravity anomalies are equivalent
(up to two significant figures) for all three cases. This validates the VPmg algorithm used to
forward model the gravity response, and my use of the analytic cylinder equation.

Table 8. Vertical cylinder models and the associated predicted surface gravity anomalies.
Vertical cylinder models

Predicted gravity anomalies

Depth
(m)

Thickness
(m)

Density
contrast
3
(kg/m )

Diameter
(m)

Half-widths
(m)

Peak gravity
response:3D
models (µGal)

Peak gravity
response:
analytical
method (µGal)

2000

30

125

1500

3300

9.9

10.0

2000

30

125

2000

3400

16.4

16.6

2000

30

125

3000

4000

31.2

31.4
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5.4.2 3D Rectangular models of reservoir water influx
5.4.2.1 Inputs and scenarios
I used 3D rectangular reservoir models to test the sensitivity of the gravity response to reservoir
geometry, and the production related effects: water influx and pressure depletion. Typically a
3D rectangular model better approximates actual field geometries compared to the 3D
cylindrical models. The initial reservoir model is

at a depth of 2 km

BML. A density contrast of 125 kg/m3 is modelled in the zone of water influx. The first
scenario modelled is a vertically rising horizontal GWC and the second scenario modelled is
water influx along one edge of the reservoir (Figure 49).

Cross-section of the rectangular reservoir model
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Figure 49. Vertical cross section through centre of reservoir model (with respect to width) indicating basal
water influx (dashed lines) and edge water influx (dotted lines). The extent of the reservoir is shown by the
solid black lines. Regions of water influx, defined by the original reservoir extent and the new GWC at edge or
base of the reservoir experience a density change of 125 kg/m3.
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5.4.2.2 3D Rectangular model results
Gravity anomalies resulting from base and edge water influx models computed using VPmg are
shown in Figure 50a-b and Figure 51, respectively. In both scenarios, the gravity anomalies are
modelled 2 km above the reservoir to represent the surface (or seafloor) gravity response for a
reservoir depth of 2 km BML. A measurement spacing of 50 m was defined over a 20 x 20 km
grid over the model.

5.4.2.3 Analysis
Water influx at the base of the reservoir causes a positive gravity anomaly that increases with
the degree of water influx. A GWC rise of 3-5 m or more for this reservoir geometry should
produce a detectable gravity response (Figure 50a-b). Since the reservoir extends 8 km in this
east and only 5 km in the north, the modelled gravity anomaly is broader in Figure 50a
compared to Figure 50b. The reservoir extents align with the inflection points of the anomalies
(Figure 50a-b).

During edge water influx, the peak of the gravity anomaly shifts in the direction of increasing
water influx (Figure 51). As water progresses further into the reservoir, the magnitude and
spread of the gravity anomaly increases, reflecting the increasing amount of water influx into
the reservoir (Figure 51).
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Gravity anomalies due to base water influx
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Gravity anomalies due to base water influx
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Figure 50a-b. Gravity profiles along the centre of the reservoir (a) with respect to width (reservoir width is
8km), and (b) with respect to length (reservoir length is 5 km) for base water influx.
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Gravity anomalies due to edge water influx
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Figure 51. Gravity profiles along the centre of the reservoir (with respect to width) for edge water influx. The
30m thick zone of edge water influx is 5 km wide and either 0.5 km (green), 1 km (purple), 1.5 km (red) or
2km (blue) long, flowing eastward. The original GWC was located at 0 m easting and the reservoir depth is
2km BML.

5.4.3 Comparison of 3D rectangular and vertical cylinder methods
To test the sensitivity of time-lapse gravity data to reservoir geometry, I compare the calculated
peak gravity responses from the 3D rectangular models of base water influx with the analytic
vertical cylinder approach described in Chapter 2. The peak gravity responses calculated for a
cylindrical model of water influx with an equivalent area, depth and density change (125kg/m3)
to the rectangular model are very similar (Table 9). This indicates that gravity data are not
particularly sensitivity to reservoir shape for a reservoir of this size.
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Table 9. Comparison between surface gravity anomalies for 3D rectangular models of base water influx and
vertical cylinder models with an equivalent radius of 3.6 km.

Depth (m)

Thickness
(m)

Equivalent
radius (km)

Density
contrast
3
(kg/m )

Peak gravity
response:3D
rectangular
model (µGal)

Peak gravity
response:
vertical cylinder
method (µGal)

2000

3

3.6

125

7.7

8.1

2000

5

3.6

125

12.9

13.5

2000

10

3.6

125

25.9

27.0

2000

15

3.6

125

38.8

40.4

5.4.4 3D Rectangular models of reservoir pressure depletion
5.4.4.1 Inputs and scenarios
I then used the 3D rectangular reservoir model to test the effect of pressure depletion in a
producing gas field. In this case, the model is
The modelled density change

at a depth of 2 km BML.

is a function of the decline in reservoir

and is

calculated from the following equation (assuming ideal gas behaviour),

where

is the net-to-gross sand ratio,

molecular weight,

is the gas constant,

is the porosity,

is the gas saturation,

is the temperature and

is the

is the pore pressure of the

reservoir (cf Section 2.5.2 of Chapter 2). The values assumed for each of the parameters are:
of 0.80, a porosity of 0.30,

of 0.80, a reservoir temperature of 100°C and an initial

reservoir pressure of 32 MPa. This gives an initial in-situ methane density of 192 kg/m3. The
density contrasts resulting from decreasing pressures are given in Table 10.
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5.4.4.2 Results
Profiles of the gravity anomalies resulting from a decline in reservoir pore pressure are shown in
Figure 52.

5.4.4.3 Analysis
Pressure depletion causes a decrease in the gravity response above the gas reservoir because
withdrawing gas from a reservoir decreases the mass and hence the gravitational attraction at the
surface above the reservoir. As the reservoir pressure further decreases, the magnitude of the
negative gravity anomaly increases (Table 10). Figure 52 shows that a detectable gravity
anomaly is produced when the reservoir pressure declines by about 4-7 MPa or greater. Due to
the large areal extent of the reservoir, the inflection points of the gravity anomalies align with
the reservoir extents (Figure 52).

Table 10. 3D Rectangular models of pressure depletion and the associated modelled surface gravity anomalies.
The absolute pressure decline is given in MPa while the percentage pressure change is the absolute change
divided by the initial reservoir pressure (32 MPa) times by 100.

Depth (m)

Thickness
(m)

Pressure
change (MPa)

Pressure
change (%)

Density
contrast
3
(kg/m )

Peak gravity
response:3D
model (µGal)

2000

100

-7

22

-7

-14.0

2000

100

-12

38

-12

-24.3

2000

100

-17

53

-17

-34.4

2000

100

-21

66

-21

-42.5
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Gravity anomalies due to pressure depletion
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Figure 52. Centre profile of the gravity anomaly (with respect to width) for pressure depletion within a 100m
thick gas reservoir, 8 km long by 5 km wide at 2 km depth BML. The initial reservoir pressure is 32 MPa and
the initial gas density is 192 kg/m3. Pore pressure decline of 7 MPa (blue), 12 MPa (red), 17 MPa (green) and
21 MPa (purple) is modelled uniformly throughout the reservoir.
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5.5 Heterogeneous models of water influx into a gas reservoir
5.5.1 Overview
In this second phase of 3D modelling, heterogeneous properties are introduced within a
rectangular reservoir model to more realistically represent actual gas fields and to test the
sensitivity of gravity data to non-uniform changes in subsurface density. I build a series of 3D
heterogeneous reservoir models in SKUA using the geostatistical sequential modelling process
outlined below. These models are representative of a gas field producing from the fluvial
reservoirs of the Triassic Mungaroo Formation, a major reservoir type in the Northern
Carnarvon Basin.

5.5.2 3D Reservoir modelling
The reservoir is approximated by a rectangular block with dimensions of
in the x, y and z directions, respectively. The vertical direction, defined by the z-axis, is
positive is a downwards direction. Assuming an average porosity of 0.25, a NTG sand ratio of
0.70, and initial gas saturation of 0.80, the initial reservoir gas pore volume in this rectangular
model is

. Assuming the reservoir temperature is 100°C and the initial reservoir

pressure is 35 MPa gives a gas expansion factor of about 277 vol/vol. Therefore, the original
gas in place (OGIP) in this rectangular model is approximately

, which is comparable

to some of the major gas fields the in the Northern Carnarvon Basin such as Chevron’s
Wheatstone field and Woodside’s Pluto field.

5.5.3 Geocellular grid construction
A challenge during reservoir modelling is to represent the reservoir structure and stratigraphy in
sufficient detail whilst limiting the number of grid cells to reduce the computation time. In this
model, I use an x and y cell size of

and a z cell size of 4 m to preserve the individual sand
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channel geometries whilst minimizing the model mesh volume size. The resulting number of
cells in the model is

cells. A cross section of the reservoir

structural model with the grid cells outlined is shown in Figure 53.

X

Y

Z

Figure 53. Cross-section view of the reservoir model with dimensions of

in the x, y and

z directions, respectively. Outlines of the grid cells are shown in black and the model is coloured by depth
BML.

5.5.4 Reservoir property modelling
5.5.4.1 Facies modelling
A numerical geologic model of fluvial channels was simulated using Fluvsim unconditioned by
well or seismic data. Fluvsim is an object based modelling algorithm that is widely applicable
to modelling fluvial depositional environments (Deutsch and Tran, 2002). Fluvsim uses an
iterative simulated annealing technique to match specified input facies proportions and
geometries (SKUA, 2011). Litho-facies are represented by a categorical variable (e.g. 0 or 1)
and four different facies types: channel sands, shales, crevasse splays and levees can be
modelled (Figure 54). An advantage of the Fluvsim modelling method is that the input data are
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geologically intuitive and the facies geometries can be determined from analogue models
(Deutsch and Tran, 2002).

Figure 54. Map view of the four types of fluvial components modelled by the Fluvsim algorithm in SKUA.
Adapted from Deutsch and Tran (2002).

I build a heterogeneous reservoir model representative of the fluvial reservoirs of the Triassic
Mungaroo Formation. To do this, two facies types are modelled: 1) abandoned channels filled
with sand and 2) floodplain shales. The sand-filled channels constitute net reservoir (assumed
to be 100% NTG) and are modelled as objects embedded in the background shales. I define the
geometries of the sand-filled channels using a range of input parameters such as the channel
sinuosity, thickness, and width (Table 11). Each variable is defined either from a triangular
distribution with a minimum (min), a mode, and a maximum value (max), or from a uniform
distribution where the values for the min, mode and max are equivalent. The input parameters
are adapted from the parameters used by Brenneman et al (1998) to model the fluvial Mungaroo
sands in the Gorgon gas field. I assume that these parameters are representative of other fluvial
Mungaroo gas fields in the Carnarvon Basin.
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Table 11: Channels parameters used for Fluvsim object based channel modelling to generate a 3D reservoir
model of a fluvial Mungaroo reservoir in the Paradigm package SKUA (http://www.pdgm.com).
Channel parameters

Min

Mode

Max

Channel proportion (NTG)

0.65

0.70

0.75

Maximum no. of channels

5000

Orientation (deg)

220

250

280

Sinuosity average departure

150

200

250

Sinuosity length scale

1000

1200

1400

Thickness (m)

7

7

7

Thickness undulation

2

2

2

Thickness undulation length scale

350

400

450

Width to thickness ratio

100

100

100

Width(m)

700

700

700

1

1

1

350

400

450

Width undulation
Width undulation length scale
Vertical channel overlap

0.5

Figure 55 shows a single realisation of a facies model generated from the input parameters in
Table 11 and the Fluvsim modelling algorithm in SKUA. The channels appear to have low
sinuosity and are predominantly orientated in a WNW direction. The connectivity between the
adjacent channels is largely influenced by grid cell size and the vertical channel overlap
parameter.
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Figure 55. Resulting facies distribution using the object based channel modelling, Fluvsim, for a Mungaroo
reservoir with a 70% net to gross sand ratio. Channel sands (=1) are shown in yellow and background shales
(=0) are shown in grey.

5.5.4.2 Porosity modelling
To simulate the porosity values within the channel sands, I used a Sequential Gaussian
Simulation (SGS) algorithm (Doyen, 2007). The SGS algorithm constructs a stochastic model
of the porosity constrained to an input porosity distribution and an input spatial correlation
model, known as a variogram (Doyen, 2007). For the channel sands, a Gaussian porosity
distribution is used to reflect the ranges in average porosity captured that I gathered from 15
Mungaroo gas fields in the Northern Carnarvon Basin (see Chapter 3, Appendix 1). The
porosity distribution was defined by a mean of 0.25 and a standard deviation of 0.02. A 3D
Gaussian ellipsoid variogram with ranges of
constrain the lateral and vertical variations in porosity, where the ranges

was used to
and

define

the three orthogonal axis of the 3D variogram. The value of the range indicates the distance
over which the porosity is correlated. The direction of R1 was defined as -60 degrees relative to
the y-axis (north) and is roughly parallel to the dominant channel orientation. The porosity in
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the background shales was set to 0. A single realisation of porosity obtained from the SGS
process is shown in Figure 56.

Figure 56. Cross-section through the porosity model populated using SGS. Porosity in the channel sands has a
mean value of 0.25 and a standard deviation of 0.02. Porosity in the background shales is set to 0.

5.5.4.3 Up-scaling of reservoir model
Prior to modelling the gas production scenarios, the 3D reservoir model is up-scaled to reduce
the number of vertical rectangular prisms when calculating the gravity response. The x and y
cell size is upscaled to 100 m from 30 m while the vertical cell size remained at 4 m. This
reduced the total number of cells to about one-tenth of the original model while preserving the
channel features (Figure 57). This was required in order to run the VPmg gravity modelling
algorithm in a reasonable amount of computational time. The loss is detail in the channel
geometries caused by up-scaling appears to be insignificant (Figure 57).
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Figure 57. Outline of the up-scaled 3D heterogeneous reservoir showing the facies distribution. Channel sands
(=1) are shown in yellow and background shales (=0) are shown in grey.

5.5.4.4 Initial and residual gas saturation modelling
The up-scaled 3D heterogeneous reservoir model formed the basis for a series of 3D models of a
producing gas reservoir. Water influx at the base of the reservoir is modelled as either an 8 m or
a 14 m rise in the GWC (Figure58a-c). The heterogeneous distribution of sands in the reservoir
results in non-uniform base water influx. In regions of water influx, the gas-saturation is 20%
compared to 80% prior to water influx.

(a) t = t0

Gas saturation at t = t0

(b) t = t1

Gas saturation at t = t1

(c) t = t2

Gas saturation at t = t2

Figure 58a-c. A cross section of the 3D heterogeneous reservoir models with non-uniform base water influx. The gas saturation in the channel sands above the GWC is 80% (red). Following
water influx, the gas saturation decreases to 20% (blue). Initial conditions are represents by (a) at t = t0. A GWC rise of 8 m and 14 m across the reservoir was modelled in (b) at t = t1, and
(c) at t = t2, respectively. The images are 5x vertically exaggerated.

5.5.4.5 Density modelling
The change in the bulk density in the channel sands when water displaces gas is calculated
using Equation 2.8 (cf Chapter 2, Section 4.1.1). Since the sands are assumed to be 100% net,
Equation 2.8 becomes

(5.1)
where

and

are the density of water and gas in the reservoir and

and

are the initial

and residual gas saturations, respectively. I assume the water density is 989 kg/m3 and the gas
density is 192 kg/m3. I also assume the initial gas saturation is 0.80 and the residual saturation
is 0.20. The porosity is defined by the simulated 3D porosity model, which varies laterally and
vertically within the channel sands and has a mean of 0.25.

Due to the heterogeneous nature of the porosity distribution, the density change is also
heterogeneous within the water-flooded channel sands. At both time steps 1 and 2, water influx
is mainly confined to a large channel belt in the southwest (SW) corner of the reservoir (Figure
59a-b). This channel belt is about 2 km wide and 8 km long. Water influx causes the density to
increase between 100 and 140 kg/m3 in the channel sands, with a mean density change of
approximately 120 kg/m3 (Figure 60). This is comparable to the density change caused by
water influx into a high pore volume Mungaroo reservoir that was modelled in Chapter 3 of this
thesis.

(a) t=t1

~8km

~2km

Change in Bulk Density at t = t1 (kg/m3)

(b) t=t2

~8km

~2km

Change in Bulk Density at t = t2 (kg/m3)
Figure 59a-b. 3D images of the water flooded region at the base of the 3D heterogeneous reservoir model (a) at t = t1 and (b) at t = t2. In the GWC has risen by (a) 8m and (b) 14 m. Water
influx into the channel sands causes the density to increase by 120 kg/m3 on average. The images are 10x vertically exaggerated.
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Figure 60. The distribution of density change in water-flooded sands in the 3D heterogeneous reservoir model.
The mean density change is about 120 kg/m3 and the standard deviation is about 9 kg/m3. The density change
follows a Gaussian distribution since it is a function of porosity, which was defined by a Gaussian distribution.

5.6 3D Gravity modelling
5.6.1 Overview
I investigate the effect of non-uniform water influx on the time-lapse gravity response using the
3D heterogeneous reservoir models shown in Figure 59. The input models correspond to either:
1) an 8m rise in the GWC or 2) a 14m rise in the GWC. To examine the effect of reservoir
depth on the time-lapse gravity responses and resolution, I model the gravity response at both 1
km and 2 km above the reservoir models.

I compare the calculated gravity response for a model with a heterogeneous porosity distribution
verses a homogeneous porosity distribution in the water flooded channel sands. The mean bulk
density change in the heterogeneous case is about 120 kg/m3 (Figure 60). The equivalent
density change was used throughout the water flooded channel sands in the homogeneous case.
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5.6.2 3D Heterogeneous and homogeneous model results
The gravity anomalies resulting from an 8 m GWC rise and 14 m GWC rise at the base of the
heterogeneous gas reservoir (depth of 2 km BML) are shown in Figure 61a-b. To determine the
effect of reservoir depth, gravity responses are also calculated at half of the reservoir depth
(1km BML) for the same degree of water influx (Figure 62a-b). Gravity profiles through the
centre of these anomalies are shown in Figure 63 and Figure 64 for reservoirs depths of 2 km
and 1 km, respectively.

I compare the peak gravity responses calculated using the 3D heterogeneous models with those
calculated using the vertical cylinder approximation (Table 12), and find the cylinder method to
be encouragingly accurate. For the cylinder method, the changes in the height of the GWC were
modelled using vertical cylinder geometries with an area and depth equivalent to the
heterogeneous model. I used the mean density change for the heterogeneous case of 120 kg/m3
and a net-to-gross factor of 0.7 in the vertical cylinder approximation. Finally, a comparison
between the gravity anomalies obtained from a heterogeneous distribution of the bulk density
change with a homogenous distribution in the water flooded zones are shown in Figure 65a-b.
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a) t=t1

b) t=t2

Figure 61a-b. Map view of the gravity anomaly resulting from (a) an 8 m rise and (b) a 14 m rise in the GWC
at the base of a heterogeneous reservoir model with a depth of 2 km. The outline of the 3D heterogeneous
reservoir, 8 km long and 5 km wide, is shown by the black rectangle. A gravity anomaly of 5-10 µGal is at the
limit of detection. The largest gravity response occurs in the SW region of the reservoir because the waterflooded channels sands are primarily located in this region.
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a) t=t1

b) t=t2

Figure 62a-b. Map view of the gravity anomaly resulting from (a) an 8 m rise and (b) a 14 m rise in the GWC
at the base of a heterogeneous reservoir model with a depth of 1 km. The outline of the 3D heterogeneous
reservoir, 8 km long and 5 km wide, is shown by the black rectangle. A gravity anomaly of 5-10 µGal is at the
limit of detection. The largest gravity response occurs in the SW region of the reservoir because the waterflooded channels sands are primarily located in this region.
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Heterogenous reservoir at a depth of 2 km BML
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Figure 63. Centre profile of the gravity anomaly (with respect to width) for heterogeneous water influx at the
base of a gas reservoir, 8 x 5km at 2 km depth BML. A GWC rise of 8m (blue) and 14m (green) was modelled.

Heterogenous reservoir at a depth of 1 km BML
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Figure 64. Centre profile of the gravity anomaly (with respect to width) for heterogeneous water influx at the
base of a gas reservoir, 8 x 5km at 1 km depth BML. A GWC rise of 8m (red) and 14m (purple) was modelled.
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Reservoir at a depth of 2 km BML with an 8m GWC rise
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Figure 65. Centre profile of the gravity anomaly (with respect to width) for an 8 m height rise in the GWC at
the base of a gas reservoir 8 x 5km at 2 km depth BML. Homogeneous (solid black line) and heterogeneous
(red dashed line) density changes in the zone of water influx generate equal gravity anomalies.

Reservoir at a depth of 2 km BML with a 14m GWC rise
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Figure 66. Centre profile of the gravity anomaly (with respect to width) for a 14 m height rise in the GWC at
the base of a gas reservoir 8 x 5km at 2 km depth BML. Homogeneous (solid black line) and heterogeneous
red dashed line) density changes in the zone of water influx generate equal gravity anomalies.
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5.6.3 Analysis
Water influx into the base of the gas reservoir causes a peak gravity response of about 13 µGal
for an 8 m rise in the GWC (Figure 61a). The anomaly increases to 19 µGal when the GWC
rises a further 6 m, so that the contact is 14 m above the initial GWC depth (Figure 61b) (Table
12). The modelled results demonstrate that a GWC rise of at least 4-8 m is required to produce
a detectable time-lapse gravity response (at noise levels of 5-10 µGal) for this type of reservoir.
A smaller height rises in the GWC may be detected when the reservoir depth is 1 km BML
(Figure 62a). In this case, an 8 m rise in the GWC produces a peak gravity response of 20 µGal,
over 2-4 times larger than the detectable limit (Table 12).

The approximate location of the subsurface water-flooded channel belts is evident in the
modelled gravity responses. The primary gravity anomaly is located above the SW quadrant of
the model, directly above the main water-flooded channel belt region (cf Figure 59a-b).
However, for a reservoir depth of 2 km, the zone of water influx cannot be laterally resolved
from the modelled gravity anomalies; the spread of the anomaly is about twice as large as the
actual width of the water-flooded channel belt. When the reservoir depth is halved to 1 km
BML, the lateral resolution increases and the inflection points of the gravity anomalies resolve
the edges of the water-flooded zone.

The peak gravity responses calculated using the cylindrical method, as described in Chapter 2,
are within ±6 µGal of the 3D heterogeneous modelled response (Table 12). This demonstrates
that estimates of the peak gravity anomaly due to a heterogeneous reservoir can be obtained
somewhat accurately by approximating the heterogeneous reservoir with a vertical cylinder
model having an equivalent area and average reservoir properties. However, although the peak
gravity anomaly may be somewhat accurately estimated, the full shape and degree of
asymmetry in the gravity profiles as shown in Figures 61-66 cannot be estimated with the
cylinder method.

FEASIBILITY OF GRAVITY MONITORING OF GAS PRODUCTION, 3D MODELLING STUDIES 143
Nearly identical gravity anomalies are obtained from models of base water influx when the
density contrast in the water-flooded zones is spatially heterogeneous or homogeneous. This
suggests that gravity measurements are insensitive to small scale variations in the density
change when the modelled density change is on average the same over the area of resolution.
This was found to be the case for reservoir depths of both 1 km and 2 km BML (Figure 65 and
Figure 66).

Table 12. Peak surface gravity response for heterogeneous models of water influx at 2 km and 1 km BML and
vertical cylinder models with an equivalent radius of 3.6 km. For the vertical cylinder models, I included a
NTG factor of 0.7 to give an effective density change of 84 kg/m3 within the volume.

Depth (m)

GWC height rise
(m)

Average density
3
contrast (kg/m )

Peak gravity
response:3D
heterogeneous
model (µGal)

Peak gravity
response: vertical
cylinder method
(µGal)

2000

8

120

12.1

14.4

“

14

“

19.2

25.2

1000

8

“

20.6

20.6

“

14

“

31.7

36.0

5.6.4 3D Gravity anomalies related to produced gas volumes
A quantitative estimate of the amount of produced gas volumes from the two 3D models was
made to help evaluate the feasibility of monitoring water influx into a producing gas reservoir.
For an 8 m GWC rise, the volume of cells where water has replaced gas is about
. For a 60% change in gas saturation and an average porosity of 0.25, the volume of
produced gas at standard conditions is 0.28 Tscf assuming a gas expansion factor of 277 vol/vol.
For a 14 m GWC rise, the volume of cells where water influx has occurred is about
. This equates to a volume of produced gas of 0.48 Tscf.

Since the OGIP is assumed to be

, these volumes of produced gas equate to about 5%

and 9% of the OGIP, which are relatively small volumes of produced gas. This indicates that
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gravity monitoring may be able to detect water influx very early in the production phase. For
example, if a gas off-take rate of 600 MMscf/day for a field of this size is assumed, then the 3D
heterogeneous model of an 8 m and a 14 m GWC rise corresponds to production times of
approximately 1 and 2 years, respectively. Therefore, a detectable gravity response may be
achieved after only 1 year of gas production or less.

5.7 Conclusions
Reservoir models can vary in complexity from simple shapes with homogeneous properties to
complex 3D models with heterogeneous properties.

In this chapter, I built both 3D

homogeneous and heterogeneous models to determine the effects of gas production on the
surface gravity response. To predict the gravity response due to gas production, I used a
commercially available gravity modelling algorithm.

I computed equivalent gravity anomalies (up to two significant figures) caused by a height rise
in the GWC and a decline in reservoir pore pressure using 3D homogenous reservoir models
with simple geometries to the analytic vertical cylinder gravity method I developed in Chapter
2, therefore validating my method. I also found that gravity data are not particularly sensitive to
reservoir geometry since similar gravity anomalies resulted from a cylindrical and a rectangular
reservoir model with analogous volumetric extents.

The predicted time-lapse gravity responses using a more complex 3D heterogeneous reservoir
model indicate that water influx can be detected very early in the production phase. For
example, for a reservoir depth of 2km BML and an average porosity of 0.25, a detectable
gravity response may be achieved after less than 1 year of gas production. The equivalent
amount of produced gas is less than 0.28 Tscf and is associated with an 8 m rise in the gas-water
contact (GWC).

I found that the modelled gravity anomalies occur directly above the water-flooded region,
thereby providing information about where water has entered into a producing reservoir. The
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edges of the water-flooded region are spatially resolved when the reservoir depth is decreased to
1 km BML, whereas a smooth, broader anomaly is produced when the reservoir depth is 2 km
BML. Again, indicating that shallow reservoirs (smaller depth BML) may be more suitable for
time-lapse gravity monitoring.

6 Chapter 6 Conclusions
Levels of interest in the time-lapse gravity technique as an offshore reservoir monitoring tool
have risen due to advancements in the time-lapse gravity methods and instrumentation. Now, it
is viable to record seafloor measurements with 3-5 µGal accuracies, low enough to detect the
very small reservoir density changes that occur over time due to the production or injection of
fluids. This tool may have an important application for the monitoring of gas production from
multi-Tcf fields (currently under development) located offshore in the Northern Carnarvon
Basin, Australia. Until now, to the best of my knowledge, there has been no published data on
the feasibility of using time-lapse gravity as a monitoring tool for these fields.

To perform my feasibility analysis for time-lapse gravity monitoring of gas production and CO2
injection in these porous reservoir rocks, I developed a fast and practical method in Chapter 2,
and subsequently applied it to several Northern Carnarvon Basin reservoirs. I use a vertical
cylinder to approximate the geometry of density changes in the subsurface. This method is both
practical and flexible. It allows a quick assessment of the sensitivity of time-lapse gravity
measurements to production or injection related changes and has a wide range of applications.

In Chapter 3, I applied this method to assess the feasibility of gravity monitoring of gas
production assuming a conservative noise threshold of 5-10 µGal. I modelled two primary drive
mechanisms: 1) water drive and 2) depletion-drive, since the degree of aquifer support during
gas production is a major uncertainty for Carnarvon Basin gas reservoirs. For a water-drive gas
reservoir, assuming a reservoir depth of 2 km, a porosity of 0.25 and a net-to-gross sand ratio of
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0.70, I found that the field-wide height change in the gas-water contact must be greater than 35m to exceed this noise threshold. Alternately, for the same reservoir in a depletion-drive
scenario, a 3-6 MPa (~450-900 psi) decrease in pressure throughout the field will produce a
detectable gravity response.

I produced contour plots of the potential gravity anomaly arising from water influx or pressure
depletion over cylindrical zones in gas reservoirs. These can be applied to a range of individual
gas fields based on their pore volume, primary depletion mechanism and field size to provide a
quick assessment of the feasibility of gravity monitoring of gas production. By applying these
surface plots to the Pluto and Wheatstone gas fields located in the Northern Carnarvon Basin, I
found that the Pluto gas field may be more favourable to gravity monitoring than the
Wheatstone field because the Pluto field has a shallower target depth and higher average
porosity and NTG compared to the Wheatstone field.

In Chapter 4, I used the same vertical cylinder gravity modelling method to assess the feasibility
of gravity monitoring of CO2 sequestration at the proposed Barrow Island Carbon Capture and
Storage Project, Northwest Australia. I modelled gravity anomalies associated with CO2 storage
in the Dupuy Formation at the depth of 2.1 km subsea, and CO2 leakage into a shallower
formation at a depth of 1km subsea. My results show a detectable change in the gravity
response after about 4-8 MT of CO2 has been injected assuming isobaric and isothermal
reservoir conditions. This corresponds to approximately 1-2 years of planned injection at the
Barrow Island site. I found that a detectable change in the gravity response may be produced in
the unlikely event that 0.5-1.0 MT of CO2 were to leak and accumulate into a shallow saline
formation at a depth of 1 km subsea.

In Chapter 5, I built 3D reservoir models (both homogenous and spatially heterogeneous) to
estimate gravity anomalies associated with gas production effects using a commercially
available gravity modelling algorithm.

I computed the same changes in gravity (to two

significant figures) caused by a height rise in the GWC or a decline in reservoir pore pressure as
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the analytic vertical cylinder gravity method I developed in Chapter 2, which validated my
method. I found that gravity data is not particularly sensitive to reservoir geometry since
similar gravity anomalies resulted from a cylindrical and a rectangular reservoir with analogous
volumetric extents.

Finally, I tested the effect of non-uniform water influx at the base of an aquifer-driven gas
reservoir. This demonstrated that the time-lapse gravity response may provide information
about where water has entered into a producing reservoir. For example, when water influx
occurs throughout a channel belt region roughly 8 km long, 2 km wide and 8 m thick in a gas
reservoir at 2 km BML, a detectable positive gravity anomaly orientated along the channel axis
is produced. Decreasing the reservoir depth to 1 km, increases the magnitude of the gravity
response and decreases the spread (increases the resolution) of the anomaly. Again, indicating
that shallow reservoirs (smaller depth below mudline) may be more feasible for time-lapse
gravity monitoring.

The results of my thesis have shown that the feasibility requirements for gravity monitoring of a
producing gas reservoir varies on a field-by-field basis. This is because the magnitude of the
gravity anomaly strongly depends on the reservoir pore volume (product of the porosity and the
net-to-gross sand ratio), the target depth and the volumetric extent of the zone of density
change. Variations in each of these factors have a large effect on the potential gravity anomaly.
I found that gas reservoirs most suitable for gravity monitoring are those with a high pore
volume, since they will experience a larger change in bulk density, and those with shallow
burial depths and/or large areal extents.

Similarly, the feasibility requirements for time-lapse gravity monitoring of CO2 injection largely
depends upon the rock properties of the storage formation, the target depth and the volumetric
extent of the injected plume. However, unlike in a water-drive gas field where the density
contrast between gas and water is large, the density contrast between the injected CO2 and the
formation fluids can vary significantly depending on the target depth (pressure and temperature
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conditions). Since the density contrast is lower at deeper formation depths (or higher reservoir
pressures) where CO2 is in a supercritical state and has higher fluid-like densities, it is more
feasible to monitor CO2 sequestration using time-lapse gravity when the storage formations is at
shallower depths closer to the critical point of CO2.

In my thesis I forward modelled the gravity response to test the sensitivity of time-lapse gravity
data to the effects of gas production and CO2 injection. For future work, the inverse problem
needs to be addressed. That is, taking the modelled gravity response and inverting it for
reservoir density changes using varying amounts of noise and appropriate inversion algorithms,
such as those that can integrate maximum prior information into the modelling. One particular
area of importance would be including the geometry of the reservoir or storage formation since
this will usually be available from 3D seismic data and will help to constrain the inversion.

My research has demonstrated that high-precision gravity measurements are capable of
detecting reservoir density changes caused by gas production from Mungaroo-type reservoirs or
CO2 injection into Dupuy-type reservoirs. Additional factors that need to be addressed when
evaluating the feasibility for a particular site include survey design, time-lapse gravity data
processing, economical considerations, and commercial availability of resources. These were
out of the scope of this study and have not been considered. However, all of these factors, in
addition to the sensitivity of the gravity signal to changes in fluid content or pressure, will
ultimately determine the practicality of this technique for offshore reservoir monitoring and
must be fully evaluated to provide a thorough feasibility assessment.

Appendix 1

Well

Year
drilled

Mungaroo
Sands

Goodwyn

Goodwyn-8

1986

GE-1 gas
sands

Gorgon

Gorgon-1

1981

M sand

Gorgon

Gorgon-3

1998

Gorgon

Gorgon-3

Gorgon

Water
depth
(m)

Gross
thickness
(m)

Net sand
thickness
(m)

Net to
gross
sands ratio

Avg
porosity
(%)

Avg water
saturation
(%)

Avg
pressure
(psia)

Top depth
(mBML)

Base depth
(mBML)

134

2684.0

2737.1

53.2

51.8

97.4

22.2

6.0

94

4280

259

3445.0

3854.0

409.0

128.8

31.5

12.0

unknown

unknown

unknown

M and N
Sands

241.8

3493.2

3633.7

140.5

66.0

47.0

15.4

16.3

138

6483

1998

S and T sands

241.8

3761.6

3884.0

122.4

55.5

45.3

12.1

33.4

147

6600

N Gorgon-2

1994

B Sand

247.3

3187.2

3221.2

34.0

33.4

98.2

18.9

20.0

125

5670

Gorgon

N Gorgon-2

1994

H Sand

247.3

3633.2

3643.7

10.5

10.1

96.2

19.3

19.0

unknown

6300

Gorgon

N Gorgon-2

1994

I Sand

247.3

3685.2

3725.2

40.0

33.5

83.8

18.6

15.0

unknown

6540

Iago

Iago-1

2001

AA sand

118

2966.0

3005.7

39.5

21.3

53.9

19.3

21.7

unknown

unknown

North
Rankin

North
Rankin-2

1971

A, B,C, and D

71

2540

3088

548.2

364.7

66.5

21

25

105

unknown

West Tyral
Rocks

West Tyral
Rocks-2

1974

unknown

126

3087

3687

600.0

126.0

21.0

Wheatstone

Wheatstone
-1

2004

AA sand

216

2783.5

2921.2

137.7

59.11

42.9

Field

Shallow water gas fields

Petrophysical data for Mungaroo Formation gas fields

150

Temp (°C)

No interpretive data found

24

18.5

115

4600

Deep water gas fields

Appendix 1

Petrophysical data for Mungaroo Formation gas fields

Chandon

Chandon-1

2006

AA sand

1200

1558.9

1739.4

180.5

75

4275

Chrysaor

Chrysaor-1

1994

AA sand

806

2400.1

2545.1

145

80.9

55.8

23

23

98

4825

Chrysaor

Chrysaor-1

1994

A sand

806

2635.1

2725.1

90

67.9

75.4

19

30

104

5110

Dionysus

Dionysus-1

1996

AA sand

1092

2038.6

2160.6

122

75

61.5

29.4

13

80

4785

Geryon

Geryon-1

1999

AA sand

1231

1811.7

1942.8

131.1

92.8

70.8

29.6

16.6

78

4650

Callirhoe

Callirhoe-1

2001

AA sand

1220.7

1764.5

1918.5

154

70.61

45.9

26

6.9

83

4650

Urania

Urania-1

2000

AA sand

1191.2

1960.5

2186

225.5

127.2

56.4

28.1

27.7

78

4700

Urania

Urania-1

2000

C sand

1191.2

2689.5

2798.6

109.1

50.4

46.2

22

12.7

100

5770

Maenad

Maenad-1A

2000

AA sand

1218.7

2018

2066.1

48.1

17

35.3

24.4

16.5

91

4830

Orthrus

Orthrus-1

1999

AA sand

1200

1936.7

2025.3

88.6

44.5

50.2

25.9

17.8

88

4750

Pluto

Pluto-1

2005

E sand

975.6

1955.7

2134.7

179

117.4

65.6

24.4

14.5

98

4615

151

No interpretive data available
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7 Appendix 2 Mungaroo Formation water salinity data

Field

Well

Year
drilled

Depth
(mTVDSS)

Interval

Salinity- DST
analysis (ppm)

Salinity- log
derived (ppm)

Callirhoe

Callirhoe-1

2001

3119.0

Mungaroo A Sand

24,462

unknown

Chandon

Chandon-1

2006

2981.1

unknown

29,200

unknown

Chrysaor

Chrysaor-1

1994

unknown

Mungaroo AA
Sand

11,400

11,000

Chrysaor

Chrysaor-1

1994

unknown

Mungaroo A Sand

10,900

11,000

Clio

Clio-1

2006

unknown

unknown

15,020

unknown

Dionysus

Dionysus-1

1996

3316.7

Mungaroo AA
Sand

15,000

12,500 to 17,500

Geryon

Geryon-1

1999

3208.3

Mungaroo AA
Sand

28,000

27,500

Gorgon

Gorgon-1

1981

unknown

unknown

10,000

unknown

Gorgon

Gorgon-3

1998

4184.6

Mungaroo T sand

11,000

8,000 to 16,000

Gorgon

North Gorgon-2

1994

unknown

No water analysis

N/A

14,000*

Maenad

Maenad-1A

2000

3391.4

Mungaroo AA
Sand

25,000

25,000

Orthrus

Orthrus-1

1999

3305

Mungaroo AA
Sand

25,000

29,300

Orthrus

Orthrus-1

1999

3415.9

Mungaroo A Sand

24,000

unknown

Pluto

Pluto-1

2005

unknown

unknown

N/A

23,000

Urania

Urania-1

2000

3235.3

Mungaroo AA
Sand

20,000

18,500

Urania

Urania-1

2000

3978.7

Mungaroo C Sand

14,000

unknown

Wheatstone

Wheatstone-1

2004

3162.4

21,785

unknown

152Mungaroo AA
Sand
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8 Appendix 3 Mungaroo Formation Temperature Gradient

Temperature Data vs Depth for Mungaroo Gas Reservoirs
Depth below mudline (m)

0

500

1000

1500

2000

2500

3000

3500

4000

0

20

Chandon-1
Chrysaor-1
Clio-1

40

Temperature (°C)

Temp ( C) = 0.0325*Depth + 20°C

Dionysus-1
Geryon-1

60

Gorgon-3
N Gorgon-2
80

Maenad-1A

Orthrus-1
Pluto-1

100

Urania-1
Wheatstone-1

120

Linear (Temp grad)
140

160

Average temperatures in Mungaroo gas reservoirs, recorded either during open-hole wire-line logging runs or
Modular Dynamic Tests, against depth below mudline in 12 exploration and appraisal wells as indicated.
Temperature increases with depth. A linear gradient fit to the data and an ambient temperature of 20°C, gives
an approximate temperature gradient of 0.0325°C/m in the Carnarvon Basin. The goodness of fit (R-squared)
value is 0.94.

153
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9 Appendix 4 Composite log display in the Dupuy Formation
at the Gorgon CO2 data well

154
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10 Appendix 5 Temperature and pressure data recorded in
the Gorgon CO2 data well

Maximum recorded bottom-hole temperatures (BHT’s) during open-hole wireline logging runs and MDT’s
using various tools in the Gorgon CO2 data well (GDW). From GDW basic well completion report.

155
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11 Appendix 6 Nomenclature
3D = three dimensional
4D = repeat/ time-lapse three dimensional surveys
bbl = barrels of oil
C = Land’s trapping parameter
BML = below mudline (seafloor)
°C = Celsius
= change in CO2 saturation
CCS = Carbon Capture and Storage
CH4 = methane
CO2= carbon dioxide
EM = electromagnetics
EOS = equation of state
= Change in the vertical component of the gravitational acceleration
GWC = gas-water contact
= height
LNG = liquefied natural gas
M = mass
= molecular weight of the gas

156
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MDT = modular dynamic tester
MMscf = Million standard cubic feet
MPa = Mega Pascals
MT= Million tonnes
NIST = National Institute of Standards and Technology
= net-to-gross sand ratio
OGIP = Original Gas In Place
= pressure
ΔP = Change in reservoir pressure
Pc = critical pressure
ppm = parts per million
psia = pounds per square inch (absolute)
PV = pore volume
= ideal gas constant
R/z = radius-to-depth ratio
ROV = Remote Operated subsea Vehicle
ROVDOG = Remote Operated Vehicle Deep Ocean Gravimeter
= gas saturation
= initial gas saturation

157
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= residual gas saturation
= water saturation
= initial water saturation
= final water saturation
= CO2 saturation
T = absolute temperature
Tc = critical temperature (absolute)
Tscf = Trillion standard cubic feet
V = volume
Z = gas compressibility factor
z = depth
Greek letters:
= change in bulk density
= porosity
µ = micro or 10-6
= density
= density of carbon dioxide

= density of gas
= density of water
158
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