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Abstract
The invention of the portable iGrav superconducting gravimeter has provided unique precision
and stability to monitor the subtle gravity field variations due to injection of CO2 into deep
geological storages. According to the data collected over six months of continuous measurements
by the iGrav001 at the University of Calgary, an accuracy of better than 1 µGal is achievable after
corrections for environmental interferences, while the instrumental drift remains negligible. The
combination of temporal observations of the iGrav along with observations of relative spring
gravimeters, obtained in special network configurations, can lead to accuracies of 1-2 µGal for the
gravity variations between two epochs before and after CO2 injection.
In almost all previous CO2 storage modelling studies, the porosity change effect on the gravity
signal has been assumed to be negligible. In this study, geological storages are divided into two
major categories: unconfined and confined reservoirs. In the unconfined reservoirs, injected CO2
replaces the ambient fluid, causing a negative density anomaly in the reservoir and a negative
gravity signal with negligible deformation at the ground surface. Confined reservoirs, on the other
hand, experience a volumetric change and the injected CO2 fills the excessive porosity, causing a
positive gravity signal representing the attraction of the injected CO2, and a positive ground surface
deformation signal along with the associated free-air gravity effect. Dependency of gravity and
ground deformation signals on variable properties, such as injected CO2 mass and density, along
with reservoir depth and size, is examined by forward modelling for both confined and unconfined
CO2 reservoirs. In addition, while inversion of the unconfined CO2 reservoirs obeys the
conventional gravimetric modelling formulation, a novel inverse modelling formulation is
established for confined reservoirs. A relationship is developed between the density changes and
the fractional volumetric changes due to the CO2 injection in the confined reservoirs, and a linear
inversion is implemented to estimate fractional volumetric changes using both ground deformation
and gravity observations jointly. The developed inverse modelling methodology is evaluated using
several synthetic case studies.
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Chapter One: Introduction
1.1 Research background
Naturally produced hydrocarbon fuels, such as oil and gas, have been trapped in underground
geological storages for hundreds of millions of years. This suggests a reliable way to store other
fluids, like CO2 or nuclear wastes, in order to reduce greenhouse gases and avoid hazards. The
idea of storing CO2 in geological storages first emerged in the 1970s. Almost two decades later,
the required methodologies were developed and investigated by scientists. These investigations
established the foundation of CO2 storage development in the following years.
Comprehensive monitoring of climate-influencing factors began in the middle of the nineteenth
century (IPCC, 2013). Climate change has an enormous impact on the environment, from the
atmosphere and oceans, to lands and the Arctic. Based on the IPCC (Intergovernmental Panel on
Climate Change) fifth report on climate change, the Earth has experienced an average temperature
increase of 0.85°C from 1880 to 2012, and global warming has led to a rise in the global mean sea
level of almost 19 cm in the last century. In addition, the number of extreme weather conditions
and events, such as heavy precipitation, hurricanes, and droughts, has increased dramatically, and
glaciers in the Arctic have shrunk over the last two decades. Hurricane Katrina in 2005 and
Hurricane Sandy in 2012 are two prominent examples of the consequences of climate change, both
causing enormous economic and life losses in the US. The accumulation of greenhouse gases, such
as carbon dioxide, methane, and nitrous oxide, has been identified as the major cause of climate
change. Among all of those gases, carbon dioxide has experienced a 40% increase, primarily
attributed to fossil fuel emissions and cement production after the Industrial Revolution (IPCC,
2013). As shown in Figure 1.1, Canada as an industrial country and a major oil producer ranks
seventh in the world in terms of contribution to global CO2 emission, according to the International
Energy Agency (Environment Canada, 2013).
CO2 removal from the atmosphere can provide an effective way to mitigate CO2 emission issues
in the long term. Agricultural carbon removal, bio-energy with carbon storage (BECS), mineral
carbonation, deep ocean storages, and geological sequestration are examples of carbon removal
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strategies currently under investigation (Kong, 2014). Geological sequestration, as the most
promising carbon dioxide reduction method, is the subject of study in this thesis.

China (7, 259 Mt)
24%
29%

United States (5, 369 Mt)
European Union -27 (3, 660 Mt)
India (1, 626 Mt)
Russian Federation (1, 581 Mt)
Japan (1, 143 Mt)

1%
2%

18%

4%
5%

Canada (537 Mt)
Brazil (388 Mt)

5%

12%

Rest of the world (8, 715 Mt)

Figure 1.1: Contribution of Canada to global CO2 emissions due to fuel consumption
among the top CO2 emitter countries in the world (Environment Canada, 2013)
Geological CO2 sequestration involves injection of CO2 into deep geological reservoirs and
trapping it there permanently. There are several types of geological storages that have already been
used, or have excellent potential for fluid storage. They all share a few necessary characteristics,
such as high porosity, high permeability, adequate storage volume, and the ability to trap fluids for
the long term. Depleted oil and gas reservoirs, saline formations and aquifers, and coal mines are
the most popular options with adequate sealing to keep CO2 trapped permanently, and are also
relatively easy to access and operate. Amongst all of these options, deep saline aquifers are
considered the preferred geological storages in the industry because of their high capacity and
availability. Likewise, injecting CO2 into oil and gas reservoirs provides mutual benefit for both
environmental agencies and the petroleum industry, due to the available infrastructure for injection
and also the need of the oil and gas industry to enhance oil recovery by injecting high pressure gas
2

or fluid into heavy oil reservoirs. CO2 flooding in Enhanced Oil Recovery (EOR) fields can lead
to a maximum of 40% more oil production (Metz et al., 2005). EOR is considered a sequestration
technique, as a major portion of the injected CO2 is retained inside the reservoir after the
production is over.
Under the high pressures and temperatures during injection of large amounts of CO2, formation
rocks encounter very high stress and volumetric expansion. This may lead to extra fractures in the
cap rocks and thus an increased chance of fluid escape. In addition, reservoir expansion can
transmit to the ground surface, causing surface heave over the reservoir. Subsidence of the ground
surface has been also repeatedly observed over reservoirs undergoing fluid extraction. Both heave
and subsidence, as well as the fluid migration and leakage, are considered serious hazards for
humans, the environment, and infrastructure, despite the numerous advantages for the storage of
CO2 in geological reservoirs. The necessity for continuous monitoring of geological CO2 reservoirs
is therefore justified in order to identify and decrease these risks and hazards.
The ultimate goal of geological CO2 storage monitoring includes ensuring a long term safety and
efficiency. Vertical leakage of CO2 into shallow formations or even the atmosphere is one of the
key risks that should be monitored accurately and consistently, although the monitoring technique
should not be destructive. Geological CO2 storage monitoring techniques are generally divided
into two major groups of direct and indirect techniques. Gas tracers, monitoring wells, and
chemical change measuring sensors are invasive examples of the direct monitoring methods. Noninvasive direct methods, on the other hand, detect the migration of CO2 beyond the storage site by
sampling techniques. For instance, water quality sampling in different locations and times can
provide evidences of the CO2 leakage into shallow aquifers. Deployment of the direct methods,
especially the invasive ones, is usually low resolution, costly and time consuming in addition to
the potential of raising the chance of leakage in the monitoring process.
Several indirect geophysical methods may be employed in order to map the injected CO2
distribution. Seismic imaging, the most widespread technique in subsurface storage modelling,
measures the velocity change and amplitude attenuation of the transmitted waves while travelling
through different layers. CO2 saturation in the pore spaces and the imposed effective stress cause
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a change in the acoustic impedance of the formation. By comparing the arrival time of the reflected
waves with those of the baseline seismic surveys before injection, the CO2 saturation distribution
can be identified. Seismic methods have the highest spatial resolution amongst all existing
monitoring techniques, especially for leakage detection. Small volumes of free phase CO2, in the
order of approximately 5%, are detectable in seismic images. Seismic geophones can be located at
the surface or inside the wells, providing a variety of seismic array geometries and techniques,
such as surface-based reflection seismic methods, borehole vertical seismic profiles (VSP), crosswell seismic, passive micro-seismic, and sonic logs. Micro-seismic monitoring of CO2 storage also
involves several fixed geophones, which are continuously recording CO2 movement-related
signals. In this method, the elastic waves originating from fractures or fault slips associated with
CO2 injection activities are recorded. Table 1.1 includes several direct and indirect monitoring
techniques that have the potential to be used in CO2 monitoring applications.
As mentioned, seismic monitoring has been reported to be the most effective method due to its
high spatial resolution and capacity to detect small volumes in different geological formations.
However, there are two main problems regarding seismic monitoring. Firstly, the cost of
mobilizing and using repeated 3D seismic surveys is high, particularly because monitoring is
expected to run for decades. Secondly, the seismic method cannot detect mass balance changes
over time. To address these issues, a more effective technique could be an integrated gravimetric
and geodetic monitoring system.
Surface displacement monitoring can infer several geomechanical parameter variations in the
reservoir. The induced deformation at the Earth’s surface is caused by transmission of the
overburden deformation, which in turn originates from the pressure and volume changes inside the
reservoir. Several geodetic techniques have the potential to detect surface deformation in Carbon
capture and storage (CCS) projects. Land surveying, global navigation satellite systems (GNSS),
tiltmeters, and synthetic aperture radar (SAR) have been already examined successfully in very
accurate geophysical field applications (Baek, 2014). However, land surveying can be costly,
GNSS has low spatial resolution, and tiltmeters measure the changes in the tilt of the surface only;
by contrast, SAR measurements provide a highly accurate method for observing deformation
changes, taking advantage of high spatial and temporal resolutions.
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Table 1.1: Direct and indirect monitoring methods and their applications (Metz et al., 2005)
Monitoring
technique
Introduced and
natural tracers
Water composition

Subsurface
pressure
Well logs

Time-lapse 3D
seismic imaging
VSP and crosswell
seismic imaging
Passive seismic
monitoring
Electrical and
electromagnetic

Measured variables

Applications

Travel time
Partitioning of CO2 into brine or oil
Identification sources of CO2
CO2 , HCO3 - , CO3 2- and major
ions
Trace elements
Salinity
Formation pressure
Annulus pressure
Groundwater aquifer pressure
Brine salinity
Sonic velocity
CO2 saturation

Tracing movement of CO2 in the storage formation
Quantifying solubility trapping
Tracing leakage
Quantifying solubility and mineral trapping
Quantifying CO2 -water-rock interactions
Detecting leakage into shallow aquifers

P and S wave velocity
Reflection horizons
Seismic amplitude attenuation
P and S wave velocity
Reflection horizons
Seismic amplitude attenuation
Location, magnitude and source
characteristics of seismic events
Formation conductivity
Electromagnetic induction

Time-lapse gravity

Formation pressure control below fracture gradient
Wellbore and injection tubing condition
Leakage out of the storage formation
Tracking CO2 movement in and above storage
formation
Tracking migration of brine into shallow aquifers
Calibrating seismic velocities for 3D seismic
surveys
Tracking CO2 movement in and above storage
formation
Detecting detailed distribution of CO2 in the storage
formation
Detection leakage through faults and fractures
Development of micro-fractures in formation or cap
rock CO2 migration pathways
Tracking movement of CO2 in and above the storage
formation
Detecting migration of brine into shallow aquifers
Detecting CO2 mass balance change
Defining CO2 density at the storage formation
Detecting geomechanical effects on storage
formation and cap rock
Locating CO2 migration pathways
Detecting vegetative stress

Density changes caused by fluid
displacement and porosity changes
Land surface
Tilt
deformation
Vertical and horizontal
displacement using SAR and GNSS
Visible and infrared Hyperspectral imaging of land
imaging from
surface
satellite or planes
CO2 land surface
CO2 fluxes between the land surface Detecting, locating and quantifying CO2 releases
flux monitoring
and atmosphere
Soil gas sampling
Soil gas composition
Detecting elevated levels of CO2
Isotopic analysis of CO2
Identifying source of elevated soil gas CO2
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Gravimetric and geodetic methods are somewhat similar from a modelling point of view.
Variations in fluid mass content, and lower density of injected CO2 with respect to the initial brine
content, play key roles in generating gravity anomalies over the reservoir, whether at the ground
surface or in the boreholes. Simulation studies have shown that considerable amounts of CO2 mass
can produce gravity signals, which are detectable by the high accuracy gravimeters, such as the
Scintrex CG5 and ZLS Burris spring gravimeters, superconducting gravimeters, and absolute
gravimeters (Kao et al., 2014; Jiang et al., 2009). There are three pioneering commercial-scale
CCS projects, namely Sleipner in the North Sea, Norway; In Salah in Algeria; and Weyburn in
Canada, which have provided considerable information about geological CO2 storages in different
surface and subsurface environments. Although gravimetric monitoring has been considered as a
potential cost-effective monitoring technique in all of these projects, the utility of gravimetry has
been demonstrated unequivocally at Sleipner, using a creatively designed gravity measuring
system consisting of three CG5 relative spring gravimeter sensors. This gravity instrument
collected gravity observations in a network located at the sea bottom to provide information about
the CO2 plume location.
The offshore Sleipner CCS operation by Statoil started injecting CO2 in 1996 at a rate of about one
Mt (million tonnes) per year into the Utsira formation, with 200-300 m thickness at about 8001100 m depth (Huppert and Neufeld, 2014). Seismic surveys, pressure gauge measurements,
micro-gravimetry, and several other monitoring techniques have been implemented to understand
the CO2 distribution within this reservoir (Verdon et al., 2013). Consecutive 3D seismic images
provide high spatial resolution of the CO2 plume and its migration over the time. Micro-gravity
also detected -12 µGal (1 Gal = 0.01 m/s2) of gravity change resulting from replacement of the
ambient brine content of the storage by 5.88 Mt injected CO2 with a lower density of about 720
kg/m3 during the time period between 2002 and 2009 (Alnes et al., 2011). Moreover, negligible
CCS-related ground deformation has been detected at Sleipner.
The Weyburn oilfield is considered one of the most famous CO2-EOR projects, located in
Saskatchewan, Canada. Conventional oil production was conducted for about 50 years until the
1990s, at which time production was extended to lower permeability zones by drilling horizontal
wells. At Weyburn, over 3 million tonnes of captured and transported CO2 from North Dakota is
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annually injected in an enhanced oil recovery (EOR) reservoir since 2000 (Verdon et al., 2013).
The basin is formed by fractured carbonate rocks at 1300-1500 m depth, and the formation
thickness is between 20 and 27 m. There are high permeable zones containing saline water
connected to this reservoir that increase the chance of CO2 trapping by dissolution (Metz et al.,
2005). Both surface and downhole micro-seismic monitoring are key geophysical monitoring
techniques implemented at Weyburn. Several micro-seismic events associated with the CO2
injection have been detected. However, investigations have shown that these events are likely
unrelated to the occurrence of any CO2 leakage. Since oil production and CO2 injection are
occurring simultaneously, the geomechanical response of the reservoir is complicated at Weyburn.
Commercial scale CO2 injection at In Salah Algeria as a joint venture between Sonatrach, BP, and
Statoil represents another significant CCS project in which 0.5 million tonnes of CO2 are injected
each year into the water leg of the Krechba natural gas reservoir, located at 1800 m depth (Verdon
et al., 2015). The injection started in 2004 and 3.85 million tonnes of CO2 was stored in this low
permeable reservoir, with 20 meter thickness, until 2011. Due to the pressure build-up inside the
reservoir, considerable deformation has been observed at the ground surface. Although seismic
monitoring has provided CO2 distribution information continuously, the Interferometric Synthetic
Aperture Radar (InSAR) technique represents the most successful monitoring technique at the In
Salah, by providing vertical ground surface displacement maps that can be used to model reservoir
properties and fluid flow inside the reservoir.
Despite the potential opportunity in developing an integrated gravity and ground deformation
monitoring technique over the geological CO2 storage, a comprehensive strategy has not yet been
developed due to several issues. Neglecting some very important factors, such as porosity change
due to injection, smallness of the gravity signal due to the great depths of geological CO2 storages,
and the complicated and variable correlation of gravity and ground deformation signals, are some
of the most influential factors affecting the joint studies.
1.2 Research objectives
In this study, a comprehensive geological CO2 storage modelling strategy using integrated
gravimetric and geodetic techniques is presented, based on practical assumptions from CO2 flow
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properties and geomechanical characteristics of geological CO2 reservoirs. The scope of the
research covers all of the required steps, from gravity and ground deformation data acquisition and
processing to numerical interpretation by forward and inverse modelling. Although gravimetric
methods have been used to detect mass balance changes in the past, the results are not satisfactory
for smaller amounts of mass changes due to the precision, stability, and drift problems of the spring
gravimeters. As we encounter subtle gravity signals with small signal-to-noise ratios in CO2
storage monitoring, we must take special care in gravimetric data acquisition and corrections.
Within the context of gravimetric monitoring of geological CO2 storages, the main objectives of
this study are:


Reviewing terrestrial gravity instrumentation and data processing to identify the best
resolution available at micro-gravity level for temporal and spatial surveys. In particular,
we are interested in the investigation of the iGrav superconducting gravimeter’s
contribution to relative micro-gravimetric surveys, such as the gravimetric monitoring of
geological CO2 storages. Six months of stationary measurements of the iGrav001, collected
at the University of Calgary, are processed and corrected for environmental interferences.
The results will demonstrate the best available accuracy for iGrav’s stationary
measurements. Lab experiments using the iGrav superconducting gravimeter and the A10
absolute gravimeter are also presented to assess the iGrav’s portability and accuracy in
spatial field surveys. In addition, special network configurations and instrumental
assemblies are identified, in order to enhance the accuracy and reduce the instrumental drift
in the relative measurements of spring gravimeters such as the Scintrex CG5 and the ZLS
Burris. The goal is to understand the requirements and achievable accuracies of spatial
gravity data acquisition using all available gravity measuring instruments including spring,
superconducting, and absolute gravimeters.



Inclusion of reservoir porosity change effect due to CO2 injection, in gravimetric modelling
of geological CO2 reservoirs. The porosity change effect is a key parameter that has been
neglected in gravimetric modelling of geological CO2 storages. In this study, a new
hypothesis is introduced, in which the porosity change due to CO2 injection is not only
assumed to play an important role in gravity signal variations, but also this effect dominates
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the density variation regime inside the CO2 reservoir under certain circumstances. The
credibility of the porosity change inclusion in gravimetric modelling will be established by
geomechanical investigations in the currently existing geological CO2 storages, such as the
CCS projects at In Salah and Sleipner. Accordingly, geomechanical differences between
the mentioned geological CO2 storages will be identified, in order to classify geological
storages and develop a theory that can predict the gravity and ground deformation
responses of other geological reservoir case studies.


Gravity and ground deformation forward modelling of the geological CO2 storages, by
deploying variable assumptions about the depth, size, injected mass, and porosity. These
simulations can identify the minimum requirements of the geological storage properties,
along with the injected CO2 mass and density, for obtaining detectable gravimetric and
ground surface deformation signals.



Developing an inversion methodology that can use both observed gravity and ground
deformation jointly, wherever a meaningful correlation is found between both
observations. As such, more information will result in a better understanding of the CO2
distribution in underground reservoirs. Regularization methods are also implemented to
stabilize the inversion process and insert additional criteria for selection of the optimal
model. The inversion methodology will be tested on several data sets contaminated by
different levels of noise, derived from synthetic models with specifications similar to those
of well-known CCS projects.

1.3 Thesis outline
The research presented in this thesis includes methodologies and results corresponding to the
integrated gravimetric and geodetic monitoring of geological CO2 storages. After an introduction
on the background, objectives, and outline of this study in the first chapter, the strategy for
geological CO2 storage monitoring and modelling using micro-gravity and ground deformation
surveys is developed as follows:
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In the second chapter of this thesis, recent studies and significant contributions to the field of
geological storage monitoring and modelling are presented. Pioneering geophysical and remote
sensing monitoring techniques, such as 4D reflection and passive seismic techniques, are
presented, and their advantages and disadvantages are discussed. Gravimetric and geodetic
techniques are then introduced as alternatives for costly and time-consuming seismic methods, and
their contribution to monitoring aquifers, volcanoes, and geothermal fields are described. A review
of the applications of superconducting and absolute gravimetry compares the accuracies achieved
in previous gravimetric studies, while joint studies using several instrument measurements promise
further opportunities for storage monitoring. Contributions of ground deformation measuring
techniques to the monitoring of natural geological systems and natural resource production
projects are also reported by reviewing several substantial studies. Ultimately, practical and
simulation research into geological CO2 storage monitoring will define the open problems that the
current study will try to address more accurately.
Chapter three includes gravimetric and geodetic instrumentation and data processing. The
specifications, precisions, and principles of operation for spring, superconducting, and absolute
gravimeters are provided in this chapter. Gravimetric data processing for reducing undesirable
environmental effects such as hydrology, atmospheric pressure, solid Earth tides, ocean loading,
and polar motion, is investigated by introducing the most effective signal processing methods and
models for each phenomenon. A summary of ground deformation monitoring techniques is also
provided in this chapter. The principle of operation of SAR techniques with emphasis on the
InSAR method is presented, in addition to a brief explanation of the InSAR data processing steps.
By introducing gravimetric and geodetic field survey design at the end of this chapter, the roles of
gravimeters and ground deformation monitoring techniques involved in geological CO2 storage
monitoring are defined.
Geological CO2 storage modelling theory and methodology are covered within the fourth chapter.
Fluid flow mechanics and reservoir geomechanical properties are investigated, to reveal the
distribution, trapping, and leakage mechanisms of CO2 in geological storages. Geological storages
are then classified into confined and unconfined storages, based on the investigated geomechanical
characteristics of CO2 inside underground geological storages. Next, gravity and ground
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deformation forward and inverse modelling formulations are developed. In particular, a new
approach for joint inverse modelling using gravity and ground deformation data obtained from
confined geological CO2 storages is designed and presented.
Chapter five presents the data acquisition and processing of six months of gravity measurements
of the iGrav001 at the University of Calgary. The results of lab experiments on the portability of
the A10 absolute gravimeter and the iGrav superconducting gravimeter are also included to show
their achievable accuracy in the spatial gravimetric surveys.
In the chapter six, expected gravity and ground deformation responses to CO2 injection into
storages with different characteristics are evaluated using forward modelling in order to
demonstrate the conditions under which a detectable signal can be observed. We will mainly adjust
mass and density of the injected CO2, along with the reservoir depth and area, in calculation of the
gravity and ground deformation over the CO2 reservoirs.
In the seventh chapter of this thesis, inverse modelling methodology, developed in chapter four, is
examined on different synthetic case studies. The specifications of the defined case studies are
very close to those of well-known CO2 storage projects. We also examine different regularization
techniques, in order to determine the technique that leads to the best recovery of the true model, in
the gravimetric and geodetic inverse problems.
Finally, chapter eight includes a summary of the presented methodology and results, as well as
conclusions from current research and recommendations for future studies.
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Chapter Two: Previous studies and open problems
2.1 Geophysical contribution in geological storage monitoring
Subsurface activities involving mass redistribution and movement have been the subject of many
studies so far. Such activities often create measurable signals at the Earth’s surface, which reflect
the mechanisms of the subsurface changes. Natural underground activities, such as volcanic and
geothermal systems, aquifer charge and discharge, and fault slip events, as well as diverse human
activities such as oil and gas production, mining, and fluid and waste injections into geological
storages, have large impacts on the environment. Therefore, subsurface modelling and prediction
of the consequences of such activities are vital for the efficient management of natural resource
exploitation and control of natural hazards. Due to the inherent dynamic variations in subsurface
mechanisms, continuous monitoring is an inevitable part of any geophysical investigation.
Several geophysical techniques have the potential to monitor underground mass distribution
(Strickland, 2014). Among all of these techniques, 4D seismic imaging and micro seismic surveys
have played key roles in diverse subsurface monitoring strategies because of their high spatial and
temporal resolutions. Seismic monitoring earned its great reputation from reflection seismic
applications in oil field projects (Sheriff and Geldart, 1995). Since seismic methods are sensitive
to very small mass movements, they are the first choice in storage monitoring investigations
involving fluid injection or extraction. The greatest achievement of seismic reflection imaging in
geological CO2 storage monitoring is related to the Sleipner CCS project in the North Sea
(Chadwick et al., 2005). Six time-lapse seismic surveys were conducted from 1994 to 2006 while
8.4 Mt CO2 were being injected into a 200-300 m thick saline aquifer. The seismic surveys clearly
detected nine CO2 trapping horizons and tracked transmission of CO2 into upper levels over time
(Chadwick et al., 2009).
Pressure and stress changes in the reservoir, as the result of fluid content changes, generate microseismic events with small to moderate amplitudes. Micro-seismic monitoring systems have been
examined in several current and the past CCS and CO2-EOR projects. Micro seismic monitoring
at Weyburn EOR field has provided valuable information about the propagation of CO2 inside the
reservoir since 2000 (White et al., 2011).
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Although seismic surveillance has been applied in many reservoir modelling projects with a proven
and mature technology, it still poses several challenges in structures with specific rock and fluid
contents (Nagel, 2001). Furthermore, seismic surveys are repeatedly reported to be costly and
time-consuming (Gasperikova and Hoversten, 2008). Hence, integrated gravimetric and geodetic
techniques can provide relatively easy, cost-effective, and accurate alternatives to seismic
methods.
2.2 Geological storage monitoring using gravimetry
Gravimetric methods have been used in several geological storage modelling studies in the past.
Great effort has been made in aquifer and groundwater modelling using gravity measurements
(Davis et al., 2008; Cogbill et al., 2006). Damiata and Lee (2006) showed the possibility of water
storage monitoring using gravimetry by means of simulations. Blainey et al. (2007) demonstrated
that modern gravimetry (providing a high signal to noise ratio) is able to estimate several
parameters of aquifers, such as hydraulic conductivity and specific yield. It was eventually
concluded that using high spatial resolution gravity measurements combined with local monitoring
wells could result in a better estimation of hydraulic parameters.
Geothermal storages have been also the subject of gravimetric studies as the result of enormous
underground mass changes caused by extraction of water over the time. Allis and Hunt (1986)
used gravity monitoring over a geothermal field located at North Island, New Zealand, where they
detected 1 mGal gravity change with an accuracy of 10 µGal due to the withdrawal of large fluid
quantities from the reservoir. In another study, Nordquist et al. (2004) presented the results of
gravity monitoring over the Bulalo geothermal field from 1980 to 1999, where they detected 600
µGal decreases in gravity signal with 20 - 25 µGal accuracy, due to the extraction of fluids from
the storage. The gravity signal amplitude over geothermal fields reaches a few hundreds of µGal.
However, in the majority of other hydrological systems, gravity signal varies in the order of a few
µGal. The need for µGal-level gravity measurements in gravimetric surveys resulted in the
invention of two state-of-the-art gravity-measuring instruments, known as absolute and
superconducting gravimeters.
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Superconducting gravimeters (SGs), with high precision and extremely low drift, have been used
in many hydrological modelling studies. In the majority of these studies, the correlation between
residual gravity signal and local hydrological effects, such as water table or soil moisture, has been
investigated (Harnisch and Harnisch, 2002; Crossley et al., 1998). Some other studies have
introduced global hydrology models of seasonal changes in the gravity signal (Boy et al., 2006;
Milly and Shmakin, 2002). However, even though initial models of SGs have very stable and
precise measurements, they have to be installed at a fixed station and therefore their measurements
suffer from a lack of spatial resolution. The iGrav, as the portable generation of SGs with enhanced
drift (less than 1 µGal/year) and sensitivity (~0.05 µGal in the time domain and ~0.001 µGal in
the frequency domain), and a smaller and lighter body volume, has been designed particularly for
field applications (Kim et al., 2015).
Absolute gravimeters, taking advantage of free fall technique for measuring the absolute value of
gravity, have desirable characteristics to be used independently or to support other relative
gravimeters in geophysical studies, as they do not suffer from drift, tares, or limited range. They
have contributed to several water storage modelling studies around the world. The FG5 absolute
gravimeter has an accuracy of 1-2 µGal, which is equivalent to a water table change of ~4 cm
(Jacob et al., 2008). Jacob et al. (2008) monitored water variations of an aquifer in the Lazarc
plateau, France, for several years with FG5 measurements. They found a 10 µGal gravity change
caused by seasonal rainfall every month. Absolute gravimetry has been also conducted on
Vancouver Island, Canada (Lambert et al., 2006), for continuous monitoring of gravity changes
due to soil moisture variations. Lambert et al. (2006) compared the results of a single tank model
with the gravity measurements of FG5 absolute gravimeter at the Albert Head site. The annual
average gravity variations reached 7 µGal in their measurements. The results demonstrated a good
match between the measurements and the tank model. Nonetheless, the FG5 needs a stable
environment and thus cannot be used as a portable gravimeter to provide spatially scattered gravity
mesurements.
The lack of mobility, combined with the requirement for a stable environment, in initial
generations of absolute gravimeters motivated the LaCoste-Romberg gravimeter manufacturer
company to invent A10, the portable generation of their absolute gravimeters, in 2000. The A10
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has provided the chance to use absolute gravity measurements in many 4D hydrological surveys.
One of the most famous studies in which the A10 has been involved as the only gravity-measuring
instrument is the 4D microgravity of waterflood surveillance at Prudhoe Bay, Alaska (Hare et al.,
2008). In this oil field, water is injected into the reservoir at 2500 m depth to enhance oil recovery.
Water replaces the gas content of the pores, causing a positive density change and consequently a
positive gravity signal at the surface. Gravimetric monitoring of the reservoir was initially applied
in 2002 and the project is still ongoing. They obtained 10 µGal accuracy in the gravity
measurements using an A10 absolute gravimeter. The maximum detected gravity anomaly was
about 100 µGal after five years of water injection (Ferguson et al., 2007; 2008). Inverse modelling
was used to model the water movement inside this storage in several epochs (Hare et al., 2008).
This study was a successful experiment; however, the A10 absolute gravimeter still lacks the
accuracy that is required for detecting smaller signals.
Absolute gravity measurements provide gravity datum and calibration for relative measurements,
and decrease uncertainty in gravity surveys. One of the most successful joint applications of
relative and absolute gravimetry was presented in a study by Jacob et al. (2010). In this study, FG5
absolute measurements from three stations were combined with Scintrex CG5 relative gravity
measurements at 40 stations to model water level changes in the Durzon Karst aquifer in southern
France. They conducted four surveys in the wet and dry seasons over two years with accuracies of
2.4 to 5 µGal. A 22 µGal gravity signal was observed due to net water withdrawal at this site. This
study illustrated that joint deployment of relative and absolute gravimetry provides a more reliable
water storage monitoring technique.
2.3 Geological storage monitoring using ground deformation monitoring techniques
Human activities such as oil production, fluid injection, and mining induce subsurface pressure
and volumetric changes, which can subsequently be transmitted to the surface and deform the
ground surface, causing heavy damage to infrastructure. The corresponding hazards are avoidable
if surface deformation monitoring systems exist and can predict the destructive consequences in
advance. The most widespread techniques used for ground deformation monitoring include GNSS,
tiltmeters, and radar interferometry. Vertical and horizontal displacements of the ground surface
can be collected by GNSS receivers. Tiltmeters also contribute to deformation monitoring
15

investigations by observing displacement gradients. Nonetheless, these techniques are limited, as
a large number of observations are required to cover large areas (Monfared, 2009). As an example
of a comprehensive ground deformation monitoring study, Vasco et al. (2007) utilized a
combination of levelling, GPS, and InSAR to estimate volumetric changes below the Yellowstone
volcanic system. This study emphasized the importance of deployment of multiple data sources
for more accurate inverse modelling results.
Radar interferometric methods, such as SAR and InSAR techniques, are able to provide ground
deformation maps over large areas with high spatial resolutions of a few meters and accuracies of
a few millimeters (Vasco et al., 2008b; Khakim et al., 2012). These techniques have contributed
to many studies associated with induced surface deformation due to fluid injection and withdrawal
in the past (Baek, 2014; Vasco and Ferretti, 2005; Schmidt and Burgmann, 2003).
2.4 Geological CO2 storage monitoring using gravimetric and geodetic techniques
Recently, thanks to advancements in instrumentation, data processing, and modelling
methodologies, geological storages with very small gravity anomalies; e.g., geological CO2
storages, have been brought to the attention of gravimetric studies. Sleipner is the first commercial
CO2 sequestration site in which excessive CO2 extracted from a natural gas field located about 240
km away from the coast of Norway in the North Sea is injected into a saline aquifer (Nooner, 2005;
Nooner et al., 2007). Three Scintrex CG5 relative gravimeter sensors were combined in an
assembly to measure gravity at the seafloor. The project started in 1996 and three gravity surveys
were carried out in 2002, 2005, and 2009. The total injected CO2 in this time period reached 5.88
Mt. The gravity observations were acquired in two perpendicular profiles at 30 stations located at
the seafloor surface. A negative gravity signal with 12 µGal maximum magnitude was detected at
Sleipner with ~5 µGal uncertainty of the measurements (Alnes et al., 2011). The results confirmed
the applicability of gravity in detecting injected CO2; however, for leakage or migration detection
purposes, more accurate measurements are required. In addition, the lack of a baseline gravity
survey before the injection created serious difficulties in modelling the subsurface density changes
as the result of CO2 injections before 2002.
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Beside the engineering and field developments, investigations in resolution analysis, noise
estimations, and simulation studies are equally important for micro-gravity surveys, including
geological CO2 storages. Geological CO2 reservoir monitoring using gravimetry as a novel
approach has been presented in many simulation studies. These studies confirm the feasibility of
gravity signal detection by means of gravimetry, under specific conditions (Harris et al., 2007). In
one of the latest numerical simulation studies, Jacob et al. (2016) inverted the borehole and surface
synthetic gravity data derived from a CO2 plume including 10 Mt CO2 injected into a saline aquifer
at 800-1200 m depth, in order to estimate the CO2 distribution inside the aquifer. L-curve and
Generalized Cross Validation (GCV) methods were utilized to stabilize their inversion procedure.
They concluded that ignoring borehole gravity measurements can cause ~30% error in the
determination of the CO2 plume position. In another simulation study, Gasperikova and Hoversten
(2008) demonstrated that a CO2-brine front in a 1 km wide reservoir located at 1900 m depth with
20 m thickness and 30% CO2 saturation produces a negative gravity signal with up to 10 µGal
magnitude. Their results were based on the assumption that porosity changes in the reservoir
caused by CO2 injection are negligible. Krahenbuhl et al. (2011) also simulated density variations
due to CO2 injection at the CO2-EOR Delhi Field in Louisiana, US. They created a model from
seismic images and simulated its gravity effect by considering the injection pattern. Eventually
they inverted the simulated gravity to demonstrate the validity of their inversion approach.
Inclusion of relative superconducting gravimetry in geological CO2 storage monitoring studies is
still rare in gravimetric studies. Sugihara et al. (2013) presented a feasibility study of CO 2
monitoring by means of hybrid gravimetry as the result of the combination of spring, absolute, and
superconducting gravimeters. They extended their research to field measurements at the Farnworth
CO2-EOR field, Northern Texas, USA (Sugihara et al., 2014). The first baseline gravity survey
took place in December 2012 by iGrav SG measurements, supported by FG5 absolute gravimeter
measurements for calibration purposes. Since large instrumental drifts were detected in their iGrav
measurements, they returned the iGrav for maintenance in March 2014 and installed a new one for
continuing the survey. In May 2014, another iGrav was added to the survey, providing parallel
measurements of gravity over the CO2-EOR field. During the survey, a decreasing gravity trend
associated with changes in the local water level was observed. They concluded that two SGs are
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required to make parallel measurements in order to detect the subtle gravity signal attributed to
CO2 injection.
One of the most successful geological CO2 storage monitoring projects belongs to the Krechba
field in In Salah, Algeria. The InSAR technique has performed exceptionally in retrieving a ground
surface deformation of about 5 mm/year due to continuous injection of 3.85 Mt CO2 into the water
leg of a gas-producing reservoir located at 1800 m depth (Vasco et al., 2010). Geomechanical
responses of the reservoir to the injected CO2 include pressure and volumetric changes inside the
reservoir. Several studies implemented the measured vertical surface displacement derived from
the InSAR maps to estimate the volumetric or pressure variations inside the reservoir (Morris et
al., 2011; Tamburini et al., 2010; Vasco et al., 2008a). Flow properties of the reservoir (e.g.,
effective permeability) were also attainable from the estimated pressure changes (Vasco et al.,
2008b).
2.5 Gravimetric and geodetic joint studies in geophysical reservoir modelling
An integrated gravimetric and geodetic technique is an effective approach to quantify subsurface
mechanisms associated with mass, volume, and density variations (Gottsmann and Battaglia,
2008). Bataglia and Hill (2009) investigated analytical modelling of both crustal deformation and
gravity changes to explain volcanic monitoring strategies in different volcanic structures, such as
spherical magma chambers, sills, dikes, pipe-like structures, etc. It was concluded that careful
analytical modelling, supported by high-quality measurements from different sources, results in a
more effective illustration of subsurface mass and volume variation mechanisms. In another study,
Camacho et al. (2011) simultaneously inverted gravity and deformation changes to map the
underground density and pressure variations by means of growing bodies, which they had
introduced in their previous studies (Camacho et al., 2000; 2002). Their nonlinear inversion
algorithm allowed for the inclusion of several sources of geodetic and gravimetric data. They
examined their method using gravity, InSAR and levelling geodetic measurements over the Campi
Flegrei caldera in Italy for the 1992-2000 time period. A model with negligible mass change but
negative pressure changes in some regions satisfied the observations perfectly.
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Joint studies using gravimetric and geodetic techniques have been developed for case studies
yielding large gravimetric and geodetic signals (e.g., geothermal fields and volcanic systems).
However, a comprehensive gravimetric and geodetic joint study for geophysical systems with
smaller signals, e.g., geological CO2 storage, has not yet been developed. In both large-scale CO2
sequestration projects, In Salah in Algeria and Sleipner in the North Sea, gravimetric and geodetic
methods have been considered key monitoring techniques. However, insignificant ground
deformation at Sleipner and the lack of a gravity survey at In Salah have prevented scientists from
establishing joint modelling studies. In this study, an explanation for the differences between the
measured signals in both projects is offered and a model is introduced that describes the majority
of geological storage mechanisms. In particular, a monitoring strategy will be developed based
upon gravity and ground surface deformation measurements, including instrumentation, data
processing, simulations, lab experiments, and ultimately interpretation by forward and inverse
modelling.
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Chapter Three: Gravimetric and geodetic theory, instrumentation, and data processing
3.1 Introduction
An accurate knowledge of the gravity at the surface of the Earth is required in many applications
of geophysics and geodesy. Relative spring gravimeters have been utilized as traditional portable
instruments for measuring the gravity of the Earth; however, they have deficiencies associated
with low accuracy and large instrumental drift. Spatial relative gravity measurements are often
obtained by spring gravimeters, such as Scintrex CG5 and ZLS Burris gravimeters, with an
accuracy of less than 5 µGal (Crossley et al., 2013). These accuracies can be reduced to 1-2 µGal
using advanced network designs supported by absolute and superconducting gravity measurements
(Jiang et al., 2009). Improvements in terrestrial gravimeters by the invention of absolute and
superconducting gravimeters have resulted in higher accuracies and lower instrumental drifts,
which leads to detection of very fine temporal periodic and non-periodic effects caused by mass
redistribution in the Earth’s subsurface, atmosphere, hydrosphere and even other planets (Figure
3.1).
Recently, superconducting gravimeters (SGs) have provided unique measurement precisions, ideal
for detecting slight changes of the gravity field. A resolution of 0.05 µGal in the time domain for
detection of non-periodic gravity effects, and 0.001 µGal in the frequency domain for detection of
periodic gravity effects are achievable by SG measurements (http://www.gwrinstruments.com).
They also have a constant scale factor and an extremely low and almost linear drift (less than 1
µGal/year). In its cryogenic system, the SG sensor is almost insensitive to changes in temperature,
relative humidity or pressure, in the environment. With these properties, SG provides a precise and
continuous record of gravity variations over periods of days, months, years, or even decades, which
is required for monitoring many environmental features with subtle signals. Recently, with the
invention of the portable iGrav SG, the instrument can be transported between measuring stations
at large distances more conveniently.
Absolute gravimeters (AGs), which provide the high accuracy absolute gravity measurements,
contribute in diverse gravimetric applications. Important roles for absolute gravimeters in the
majority of projects include providing gravity reference datum, calibration of relative gravity
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measurements, and detection of the drift and secular changes in relative gravity signals. The new
portable A10 absolute gravimeter has also been remarkably popular among scientists and industrial
operators as an easily operated field gravimeter to measure spatial gravity variations in a network.

(A)

(D)

(B)

(C)

(E)

(F)

Figure 3.1: New and old generations of spring, absolute, and superconducting gravimeters:
(A) CG5 spring gravimeter (B) FG5 absolute gravimeter (C) OSG superconducting
gravimeter (D) Burris spring gravimeter (E) A10 absolute gravimeter (F) iGrav
superconducting gravimeter
The spectral resolution of AG and SG, both alone and in combination, is illustrated in Figure 3.2.
Although SGs have a high resolution for periods less than a day, their resolution decreases at higher
periods due to instrumental drift. On the other hand, AGs have a high resolution for periods longer
than a day. The best resolution can be achieved by the combination of AG and SG measurements,
for periods ranging from a few seconds to several years.
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In this chapter, a short summary of spring gravimeters will be provided and then state-of-the-art
absolute and superconducting gravimeters will be introduced. In particular, the SG and AG
principles of operation, as well as their specifications will be explained. Finally, gravimetric

µGal2/Hz

modelling and reductions of environmental interference effects will be presented in detail.

Figure 3.2: Spectral resolution of AG and SG and their combination (Lambert et al., 1994)
3.2 Spring gravimeters
Spring gravimeters have presented the best performance for observing spatial gravity variations in
the field. One or more springs, in a pressure and temperature isolated container, compensate the
weight of a test mass and form the essential parts of the sensor in spring gravimeters. Mechanical
changes due to fatigue, or deficiencies in the metallic parts of the spring, cause inevitable drift in
long-term gravity measurements. Field operating spring gravimeters were invented in the early
1930s for oil and mineral exploration applications. Nonetheless, their accuracies were in the order
of tens to hundreds of µGal until the invention of zero-length springs. A mass at the end of a lever
arm supported by an inclined spring is considered as a zero-length spring system. A 10 µGal
gravity change is associated with only 10-7 m displacement in a zero-length spring with 10 cm
length. This length change lies within the precision of optical displacement measuring sensors
(Crossley et al., 2013). The ZLS Burris spring gravimeter is one of the most stable relative gravity
measuring instruments that provides 5 µGal accuracy for spatial gravimetric surveys. The principle
of operation of the Burris is based on the zero-length spring invention of L. LaCoste and A.
Romberg, and manufactured by the ZLS Corporation, Austin/TX, USA (Jentzsch, 2008). A digital
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feedback provides 50 mGal range for the Burris gravity measurements and the instrumental drift
in the observed gravity varies from 1 mGal/month to less than 0.5 mGal/month, as the gravimeter
sensor gains stability over time.
A huge development in gravity measuring instrumentation occurred with the introduction of a new
zero-length quartz spring with electrostatic feedback, which is currently implemented in the
Scintrex CG5 spring gravimeter. Deployment of a quartz spring results in minimum influence and
offset originating from surrounding magnetic field interferences, as well as mechanical turbulence
during transportation. Quartz spring-based gravimeters are very popular in geophysical field
surveys, due to their excellent accuracy and portability; however, they experience larger linear
drift rates between 50 and 200 µGal/day. These spring gravimeter limitations are addressed by
calibration and survey design techniques. Calibration of spring gravimeters is conducted based
upon the manufacturer manuals, which are obtained from lab experiments. To overcome the drift
problem, gravimetric surveys are designed in a looping system so that several repetitive
measurements are frequently conducted for a few stations. The change in the gravity at a measuring
station over the time can determine the drift behaviour.
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Figure 3.3: Gravity network configurations for drift modelling of relative gravimeters. (A)
Star method (B) Profile method (C) Difference method (D) Step method
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Four typical network configurations namely star, profile, difference, and step are shown in Figure
3.3. A few of these configurations, such as the step and the difference, yield highly redundant
gravity measurements which increase the accuracy of average gravity and drift estimations;
however, they are time consuming and costly. In contrast, other configurations such as the star and
the profile offer less revisiting of network stations, but they are more efficient regarding the time
and the cost of surveys. By assuming a relative gravimeter with a linear drift 𝐷𝑡 , the observation
equation is given by:
𝑔𝑖𝑚 (𝑡𝑘 ) = 𝑔𝑖 + 𝑔𝑏 + 𝐷𝑡 𝑡𝑘 + 𝑒𝑖𝑘

(3.1)

where 𝑔𝑖𝑚 (𝑡𝑘 ) and 𝑒𝑖𝑘 denote the measured gravity and the noise at the ith station and the time 𝑡𝑘 ,
𝑔𝑖 is the average gravity at the ith station, and 𝑔𝑏 is an unknown bias due to relative measurements.
The 𝑔𝑏 can be eliminated by converting equation (3.1) into a difference form, which considers the
gravity difference from a reference datum. By considering 𝑔1 as the gravity reference datum, the
difference form yields:
𝑚
(𝑡𝑘 ) = ∆𝑔1𝑖 + 𝐷𝑡 ∆𝑡1𝑘 + 𝑒1𝑖𝑘
∆𝑔1𝑖

(3.2)

𝑚
(𝑡𝑘 ) = 𝑔𝑖𝑚 (𝑡𝑘 ) − 𝑔𝑖𝑚 (𝑡1 ), ∆𝑔1𝑖 = 𝑔𝑖 − 𝑔1 , ∆𝑡1𝑘 = 𝑡𝑘 − 𝑡1 , and 𝑒1𝑖𝑘 denotes the noise.
where ∆𝑔1𝑖

Simultaneous determination of both the average gravity at all stations and the instrumental drift
can be performed by a least-squares adjustment method. Equation (3.2) has the form of
∆𝑔𝑚 = 𝐾. 𝑋 + 𝑒

(3.3)

in which, ∆𝑔𝑚 is gravity difference from the reference datum, 𝑋 is a vector including average
gravity values and instrumental drift, 𝐾 is a design matrix relating ∆𝑔𝑚 to 𝑋, and 𝑒 is the noise
vector. The least-squares adjustment then offers the estimated 𝑋̂ as:
𝑋̂ = (𝐾 𝑇 . 𝐶𝑒 . 𝐾)−1 . (𝐾 𝑇 . 𝐶𝑒 . ∆𝑔𝑚 )

(3.4)

where 𝐶𝑒 is the variance-covariance matrix of errors in gravity observations. In this matrix, the
inverse variances of the gravity measurement errors (1/𝜎𝑖2 ) form the main diagonal entries, while
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we set the off-diagonal elements to zero by assuming that gravity observations are uncorrelated.
The covariance matrix of the estimation errors 𝐶𝑥 is then given by:
𝐶𝑥 = (𝐾 𝑇 . 𝐶𝑒 . 𝐾)−1

(3.5)

This matrix can be considered as the covariance matrix of the errors for spatial relative gravity and
instrumental drift estimations. The diagonal elements of 𝐶𝑥 mainly include variances of average
gravity estimation errors 𝜎𝑥2 , except for the last element that represents the error variance in
determination of the instrumental drift in gravity observations.
3.3 Absolute gravimeters
3.3.1 Introduction
Initial generations of absolute gravimeters were made based on the pendulum theory. New
generations of high-precision absolute gravimeters were developed at the Joint Institute for
Laboratory Astrophysics (JILA) using laser interferometry as a tool for monitoring the free-fall
trajectory of a corner-cube test mass in a vacuum chamber (Torge et al., 1987). As the test mass
falls, the laser interferometer generates a number of optical fringes and an atomic clock assigns a
time for every fringe. Therefore, the distance and time of the mass at its trajectory are measured
during the free fall. As the measurements of absolute gravimeters are based directly on
international standards of time and distance, these measurements can be considered as absolute
gravity measurements. In 1990, the need for an instrument to perform highly accurate gravimetric
research led to development of a gravimeter with an accuracy of ~1 µGal, called FG5 absolute
gravimeter. Later, a portable absolute gravimeter with easier operation and less power
consumption, the A10, was developed at JILA in 2000. In the following sections, the principle of
operation and specifications of the FG5 absolute gravimeter will be introduced, and then the
improvements in the A10 absolute gravimeter will be presented.
3.3.2 Principle of operation of FG5 absolute gravimeter
Constituent parts of an absolute gravimeter include the dropping chamber, interferometer, laser,
and superspring sections. The dropping chamber includes the drag-free cart, along with a retroreflective corner-cube surrounded by a support structure that is balanced at the optical center of
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the corner-cube. The chamber is evacuated by a turbo pump, and then an ion pump is used to
maintain the vacuum in the dropping chamber. Three mirror surfaces are attached to the cornercube in such a way that every reflected beam is always parallel to the incident beam. In addition,
the phase shift of the reflected beam is virtually constant with respect to any slight rotation or
displacement of corner-cube around its optical center (FG5 Absolute Gravimeter User’s Manual,
2007).

Test Object
Beam-splitter
Photo-detector

Fixed Reference
Attached to Superspring

Raw Fringe Signal

Figure 3.4: Sectional scheme of Interferometer optics components and beam path (FG5
Absolute Gravimeter User’s Manual, 2007)
The interferometer section in an absolute gravimeter is responsible for directing and splitting the
laser beam into the test and reference beams, and then recombining both beams to create the
interferometric pattern on an optical detector. The FG5 uses a modified Mach-Zender
interferometer located in the lower unit between the superspring and dropping chamber sections
(Figure 3.4). During a drop, the path length of the test beam is changed because of the motion of
the test mass. As shown in Figure 3.5, if two waves have the same phase, they will amplify each
other and will generate maximum amplitude. On the other hand, if they reach each other with π
radian difference in phase, they will cancel each other and create zero amplitude. The
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interferometric fringes, created by recombination of the test beam and the reference beam, provide
an accurate measure of the relative distance of the test mass with respect to the reference point,
located on the superspring.

Wave 1

+

=

Wave 2
Constructive Interference
Wave 1
+

=

Wave 2

Destructive Interference

Figure 3.5: Fringe generation process as a result of beam interference
Verticality of the beam is critical, because if the laser beam is non-vertical, a lower gravity than
the exact value will be estimated, with an error of approximately -1 µGal for 45 µrad constant
angular displacement. To make sure that any acceleration measured by the gravimeter has been
caused only by the acceleration of the test mass, the FG5 has a superspring that is responsible for
cancelling out every effect of the motion of the instrument caused by the ground displacement.
3.3.3 Characteristics of the FG5 absolute gravimeter
3.3.3.1 Equation of motion of the FG5 absolute gravimeter
The free-fall acceleration is computed from the measurements of position (length) and time during
the free-fall of the test mass. The least-squares method is used to calculate the free-fall
acceleration, by implementing the equation of motion of the test mass given by:
1
1
1
̃i4 ;
𝐷i = 𝐷0 + v0 𝑇̃𝑖 + g 0 𝑇̃i2 + γ𝑔 v0 𝑇̃i3 + γ𝑔 g 0 T
2
6
24
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̃𝑖 = Ti −
T

Di − D0
c

(3.6)

where D0 , v0 , and g 0 are the initial values of position, velocity and gravitational acceleration at
T0 = 0, γ𝑔 is the vertical gravitational gradient, and c is the velocity of light. Because of significant
changes in gravity during free-fall, the gravitational gradient (γ𝑔 ) is also included in the last two
components of the equation (3.6) to transfer the free-fall acceleration to the specified height above
the benchmark. The vertical gravity gradient is usually considered as the free-air gradient of about
3.086 µGal/cm. However, this value is not precise and 1% error introduces 0.19 µGal error in the
absolute gravity estimation. Local gravity gradient using relative gravimeter observations can be
deployed as a better estimation (Richter and Warburton, 1998).
3.3.3.2 Precision, accuracy and uncertainty of the FG5 absolute gravimeter
The closeness between successive gravity measurements under constant conditions is defined as
the precision of the FG5 absolute gravimeter, which is 15 µGal/Hz1/2 at a quiet site. The precision
increases over time so that 0.1 µGal precision is achievable after 6.25 hours continuous operation
of the FG5. Precision is an important factor for the calibration of relative gravimeters; however,
as it is determined by measurements over a short period of time, it has no important role in repeated
absolute measurements in geodynamic studies.
By comparing the AG and SG gravity series, an experimental value of about 0.7 µGal can be
determined for the long-term instrumental reproducibility of the FG5 absolute gravimeter.
Reproducibility is defined as the closeness between successive measurements of a variable under
various conditions (PÁLINKÁŠ et al., 2010). In this value, the errors due to environmental
interferences, such as Earth tides, atmospheric pressure, polar motion, etc., have not been
considered. The complete long-term reproducibility of the FG5 at a single site is about 1.2 µGal
(PÁLINKÁŠ et al., 2010). The long-term reproducibility is an important parameter in
geodynamics applications and can be considered the best achievable accuracy for a single FG5
absolute gravimeter at a quiet station.
Generally, it can be concluded that the uncertainty of the FG5 gravimeters is less than 2 µGal
computed from systematic offsets between individual instruments (FG5 Absolute Gravimeter
User’s Manual, 2007). A list of error sources contributing to the uncertainty of the FG5 absolute
gravimeter can be found in (Niebauer et al., 1995).
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3.3.4 Characteristics of the portable A10 absolute gravimeter
Although the accuracy and precision of the A10 is less than that of the FG5 absolute gravimeter,
there are some characteristics, such as portability and ease of operation in outdoor applications,
that make it a desirable instrument in absolute gravimetric field surveys. The accuracy of the A10
measurements is about 10 µGal and its precision is about 100 µGal/Hz1/2, so that after 30 minutes,
precision reaches 1 µGal at a quiet site. A comparison between the FG5 and A10 gravimeters is
shown in Table 3.1.
Table 3.1: Comparison of FG5 and A10 Absolute gravimeters
Instrument Accuracy

Precision

Temperature

Power

Condition of

(µGal)

(µGal)/Hz1/2

Range

supply

operation

FG5

2

15

15 to 30°C

AC

indoor

A10

10

100

-20 to 40°C

AC-DC

outdoor

The principle of operation of the A10 is similar to that of the FG5; however, the A10 has been
designed to be operated more automatically and use less power (12 Volt) in the field operational
mode. The A10 utilizes an automatic levelling system and a temperature-controlled sensor that
make it easier to deploy in harsh environmental conditions. Other differences include the smaller
size and lower weight of the A10 components compared to those in the FG5 absolute gravimeters.
3.4 Superconducting gravimeters
3.4.1 Introduction
Superconducting gravimeters (SGs) can be considered as relative spring gravimeters in which a
magnetic force on a superconducting sphere located in a permanent stable magnetic field is used
instead of a mechanical spring in order to cancel the weight of the test mass so that a small change
in the position of the mass represents a change in gravity. An SG uses a permanent stable current
to produce a very stable magnetic field. This stability is a consequence of a property of
superconducting materials, in which they experience nearly zero ohmic resistivity when their
temperature decreases below a specific very low value.

29

The drift of SGs is less than 1 µGal /year and they have a precision of 1 nGal in the frequency
domain to detect periodic effects and 0.05 µGal in the time domain to detect non-periodic effects.
Superconducting gravimeters are able to detect both non-periodic gravity effects, such as
atmospheric and tectonic effects, as well as periodic effects in time periods ranging from one
second to several years. A spectrum of detectable gravity effects by superconducting gravimeters
is shown in Figure 3.6.

Figure 3.6: Spectrum of detectable gravity effects by superconducting gravimeters
(Hinderer et al., 2007)
3.4.2 Principle of operation of superconducting gravimeters
Magnetic shield, coils, and a levitated sphere are the three basic superconducting elements in an
SG. The test mass is a hollow sphere with 2.54 cm diameter and 5 g weight; it is made of niobium
and becomes superconducting under 9.2 °K. There are two axially aligned coils that are also made
of niobium. One of the coils is located just below the center of the test mass and the other one is
located about 2.5 cm below the sphere (Figure 3.7). This array allows the levitating force and the
force gradient to be adjusted independently, so that once the sphere is levitated by the lower coil
at the right location, the field gradient can be adjusted by the upper coil (this process has been
improved in the iGrav; see section 3.4.4).
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Figure 3.7: Sectional scheme of Gravity Sensing Unit (GSU) and sensor components of a
superconducting gravimeter (Hinderer et al., 2007)
After the current is established in the coils, according to the Faraday induction law, a secondary
stable current is induced on the surface of the sphere. The interaction between the induced current
and the magnetic field generates the levitation force, which is proportional to the product of the
field and the field gradient (Goodkind, 1999).
Interfering sources of magnetic fields, such as the variable magnetic field of the Earth, are able to
destroy the stable magnetic field of an unshielded SG. A cylindrical superconducting shield,
attaching to another hemispherical closure carrying persistent current, encompasses the sphere and
the levitation coils in order to decrease the effect of the environmental magnetic field on the
system. In addition, another μ-metal shield is located on the outside of the vacuum can to decrease
the Earth’s magnetic field before reaching the superconducting shield.
Once levitation is established, every relative movement of the sphere from its equilibrium position
is associated with the change in the local gravity. The displacement of the sphere is detected by
the change in the capacity of a capacitance bridge formed by three plates and the sphere.
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All of the superconducting components of the sensor, along with the shield system, are
encompassed by a vacuum can filled with liquid helium, which provides a temperature of about
4.2 °K, where the superconducting components of the gravimeter sense no electrical resistance. A
constant temperature is very important, as the size of the components of the sensor could be
changed with variable temperatures. It has been shown that the levitation force varies with
temperature by 10 µGal/m°K (Goodkind, 1999).
Aligning the vertical axis of the gravimeters to the exact vertical direction is critical in gravity
measurements. A precision of 10-12 in gravity requires a 1.4 µrad of tilt precision. In
superconducting gravimeters, an offset in the verticality moves the sphere off the axis of the
instrument. If the sphere dislocates horizontally, it will experience less levitation force and it will
move downward. In contrast with other kinds of gravimeter that measure a lower gravity as a result
of the offset in verticality, the SG measures a higher gravity of (Hinderer et al., 2007):
𝛿𝑔𝑆𝐺 = −𝑔𝑧 (𝜃𝑑2 /2)

(3.7)

An automatic levelling system is employed in SGs using a couple of orthogonal pendulum-type
tiltmeters to support the verticality of the system.
3.4.3 Characteristics of superconducting gravimeters
3.4.3.1 Equation of motion and calibration of superconducting gravimeters
A second-order differential equation for the motion of the mass in a mass–spring system can also
be used for superconducting gravimeters (Warburton et al., 2010):
Fn(t) = −kz(t) − b𝑑

dz(t)
− m𝑠𝑝ℎ𝑒𝑟𝑒 𝛿g(t)
dt

(3.8)

where z is the relative displacement of the sphere with respect to its equilibrium position in the
capacitance bridge; k is the spring constant caused by the magnetic gradient; b𝑑 is the damping
constant proportional to velocity; m𝑠𝑝ℎ𝑒𝑟𝑒 is the mass of the sphere; and 𝛿g(t) is the difference in
gravity field from the gravity value for which the sphere is at its equilibrium position.
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The scale factor of SG must be determined to convert its output feedback voltage to gravity. A
typical value of scale factor can be computed by empirical methods, such as fitting SG gravity
observations to a theoretical tide model; however, the more effective method is comparing the SG
gravity measurements with absolute gravity measurements over a long period of time. For
calibration, least-squares can be used to fit a straight line (𝐴𝐺𝐺𝑖 = 𝑎𝑣 . 𝑆𝐺𝑉𝑖 + 𝑏𝑔 ) between the AG
observations (𝐴𝐺𝐺𝑖 ) and the SG output voltages (𝑆𝐺𝑉𝑖 ) in order to find 𝑎𝑣 and 𝑏𝑔 that minimize:
𝑁

∑
𝑖=1

1
[𝐴𝐺𝐺𝑖 − (𝑎𝑣 . 𝑆𝐺𝑉𝑖 + 𝑏𝑔 )]2
𝜎𝑖2

(3.9)

where 𝑁 is the number of AG measurement (Sets) and 𝜎𝑖 is the standard deviation of each set of
AG measurements.
3.4.3.2 Superconducting gravimeter instrumental drift and precision
The instrumental drift of superconducting gravimeters is much less than that of other relative
gravimeters. There is a small, primary exponential drift in the observatory superconducting
gravimeters (OSGs) that becomes linear usually after 4 to 6 months. It has been shown in several
investigations of OSGs that the long-term linear drift varies between 1.6 and 4.9 µGal/year
(Crossley and Hinderer, 2005). However, more recent studies consider less than 1 µGal/year as
the drift magnitude of the new generation of SGs (Kim et al., 2015). Comparison of the
superconducting gravimeter’s observed gravity with long term measurements of absolute
gravimeters could be a reliable method of identifying the drift of the SG. Van Camp et al. (2005)
showed with 8 years of measurements of an FG5 absolute gravimeter beside an SG that the SG’s
drift is linear and limited to the long periods (more than one day). In another study, comparison of
superconducting gravimeter observations with measured gravity of 5 absolute gravimeters in Bad
Homburg also identified 2 µGal/year as the instrumental drift (Harnisch et al., 2006).
Superconducting gravimeters present one of the best precisions amongst all kinds of gravimeters.
The instrumental noise of SGs is also lower than the gravity effects of the majority of
environmental features e.g., Earth tides, hydrology, and atmosphere, in all frequencies ranging
from 1 cycle per year to 1 Hz, excluding the sub-seismic band between 1 and 20 mHz (Rosat et
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al., 2004). Research into the periodic components of Earth tides and normal modes in the frequency
domain have been able to detect subtle signal amplitudes of about 1 nGal. A practical way of
determining the accuracy in the time domain is to compare the results of two gravimeters just
beside each other. It has been shown that different pairs of OSGs present signals with a difference
of better than 0.1 µGal (Harnisch et al., 1998). Using the results of all these methods, 0.1 µGal
precision can be assigned for the OSG measurements in the time domain (Hinderer et al., 2007).
3.4.4 Characteristics of the portable iGrav superconducting gravimeter
The most important improvement of the iGrav superconducting gravimeters is that they are
portable, easy, and quick to operate, and also less expensive than OSGs, while having the ability
to be used in field investigations with a precision of 1 nGal in the frequency domain and 0.05 µGal
in time domain (http://www.gwrinstruments.com). The principle of operation of the iGrav is
similar to OSG; however, there are some differences in size, shape, and power consumption in
order to reduce the weight and setup time and increase the ease of operation. In the cryogenic
system of iGrav, the dewar is smaller and lighter, and no liquid helium refilling is needed during
operation. Other differences in sensor size and instrument characteristics have been provided in
Warburton et al. (2010).
3.5 Gravimetric corrections of environmental interferences
3.5.1 Introduction
The measured gravity signal of the gravimeters contains many effects that may not be the subject
of investigation and should be removed completely. Interfering effects on gravity originate from
both human activities and environmental phenomena. Human activities mostly appear in the
gravity signal as offsets, gaps and spikes. Gravimetric data processing to eliminate such
interferences is conducted by interpolation and manual or automatic manipulation of the gravity
observations. After correction of such human-made gravity interferences, a gravity signal can be
considered as the summation of a few environmental components, each of which can be considered
as an effect that is modeled, or an interfering effect that must be corrected from the signal (Hinderer
et al., 2007):
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𝑔observed = 𝑔tides + 𝑔atmosphere + 𝑔polar motion + 𝑔drift + 𝑔hydrology + 𝑔residual

(3.10)

Table 3.2 introduces the magnitude range and reduction accuracy of a few environmental features
that have influence on gravity measurements. In the next sections, effective computation and
reduction of these effects will be explained, in more detail.
Table 3.2: Magnitude range and reduction uncertainties of environmental gravity effects
Source

Maximum signal Signal
amplitude/µGal

removal Time scale

accuracy/µGal

Solid Earth and ocean tides

300

0.1

Diurnal

Atmospheric attraction and loading

20

0.05

Hours - diurnal

Hydrological variations

100

0.5

Seasonal

Polar motion

10

0.01

12, 14 months

3.5.2 Solid Earth and ocean tides
Gravity variations due to solid and ocean tides form the largest sensed environmental gravity
signal, with a magnitude of up to 300 µGal. Theoretical gravity tides are computed using orbital
and rotational parameters of the Earth, moon, sun, and other major planets, as well as the
perturbation effects, like nutation of the Earth. The tidal component amplitudes are dependent on
the latitude of the observation station; however, the frequency of each tidal component is fixed.
The first step in computing the tidal gravity effect is computing the tide-generating potential (TGP)
for a given coordinate, based upon the spherical harmonic expansion of tidal potential:
∞

𝑉𝑡𝑖𝑑𝑒

𝛾𝑀𝑐
𝑟𝑐 𝑛
=
∑ ( ) 𝑃𝑛 (cos 𝜓)
𝑠𝑐
𝑠𝑐

(3.11)

𝑛=2

where 𝑃𝑛 (cos 𝜓) are the Legendre polynomials, γ is the universal gravitational constant, 𝑀𝑐 is the
mass of the celestial body, 𝑟𝑐 is the geocentric distance of the attracted point, 𝑠𝑐 is the distance
between the mass center of the Earth and the celestial body, and 𝜓 is the geocentric zenith angle.
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By using a geocentric coordinate system, and also expressing 𝜓 by spherical coordinates (𝑟𝑐 , 𝜃, 𝜆),
equation (3.11) can be expressed by (Wenzel, 1996b):
𝑛𝑚𝑎𝑥

𝑛

𝑟𝑐
𝑉𝑡𝑖𝑑𝑒 (𝑟𝑐 , 𝜃, 𝜆, 𝑡) = ∑ ∑ ( )𝑛 𝑃̅𝑛𝑚 (cos 𝜃) × ∑[𝐶𝑖𝑛𝑚 cos(𝛼𝑖 ) + 𝑆𝑖𝑛𝑚 sin(𝛼𝑖 )]
𝑠𝑐
𝑛=1 𝑚=0

(3.12)

𝑖

In this equation, the arguments 𝛼𝑖 (𝑡) are computed by:
𝑗𝑚𝑎𝑥

𝛼𝑖 (𝑡) = 𝑚𝐴 𝜆 + ∑ 𝑘𝑖𝑗 𝑎𝑟𝑔𝑖 (𝑡)

(3.13)

𝑗=1

where 𝑚𝐴 represents the azimuthal number, 𝜆 is longitude, and 𝑘𝑖𝑗 denotes the integer variables
for each planet. The tidal acceleration is then presented by the gradient of the tidal potential:
𝑔⃗𝑡𝑖𝑑𝑒 = 𝑔𝑟𝑎𝑑(𝑉𝑡𝑖𝑑𝑒 )

(3.14)

There are several tide generating potential (TGP) catalogues which produce 𝑘𝑖𝑗 coefficients and
the time-dependent tidal potential coefficients 𝐶𝑖𝑛𝑚 and 𝑆𝑖𝑛𝑚 for every tidal frequency component
(Merriam, 1993a). Tamura (Tamura, 1987), Xi (Xi, 1989), RATGP95 (Roosbeek, 1996), and
HW95 (Hartmann and Wenzel, 1995) tidal catalogues are four of the most accurate tidal models.
Raw gravity signal contains periodic effects from environmental sources, such as ocean loading,
hydrology and atmospheric pressure, at the frequency ranges of Earth tides. Normally, the
extraction of theoretical Earth tides from the raw gravity measurements will not remove such
periodic effects. Therefore, a local Earth tide model is needed at every location in order to model
all the periodic effects efficiently. In this thesis, the ETERNA software package (Wenzel, 1996b)
is used to estimate the tidal parameters by a least square adjustment for up to 85 tidal wave groups.
The model used for least-squares adjustment is followed by (Kao et al., 2014):
𝑛

𝑚

𝑔𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 + 𝑣𝑡 = ∑ 𝛿𝑖 𝐴𝑖 cos(𝑤𝑖 𝑡 + Φ𝑖 + ∆Φ𝑖 ) + ∑ 𝑑𝑗 𝐹𝑗𝑡 + 𝐷𝑡
𝑖=1

𝑗=1
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(3.15)

where 𝑔𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 is the recorded gravity signal, 𝑣𝑡 is the residual gravity, 𝛿𝑖 is the amplitude factor
of the ith tidal wave, 𝐴𝑖 is the tidal amplitude from the model, 𝑤𝑖 is the circular frequency, Φ𝑖 is
the phase from the model, ∆Φ𝑖 denotes the phase shift, 𝑑𝑗 represents the regression coefficients,
and 𝐹𝑗𝑡 and 𝐷𝑡 are the state parameters and the drift, respectively.
Ocean tides have the same frequencies as solid Earth tides, and cause water displacements of the
oceans, especially in shallow areas. These movements apply loads on the crust and affect the
amplitude of the bodily tides on lands. Ocean tide loading amplitude is between 1% and 10% of
the body tide and as they have similar frequencies, it is difficult to separate them. The ocean
loading effect can be derived by the convolution of a Green’s function with a model of ocean tide
heights, which can be specified by satellite altimetry. Ocean loading computations depend
critically on precise bathymetry information, particularly in coastal areas and in the Antarctic
(Hinderer et al., 2007).
3.5.3 Atmospheric pressure effects
The gravity effect of the atmosphere originates from variations in the irregular distribution of
atmospheric masses. The magnitude of this effect can reach up to 10% of the tidal signal. Diurnal
changes in temperature are the cause of most pressure variations. An increase in atmosphere
pressure results in positive density changes and increasing attraction of the mass above the
gravimeter, which in turn causes a decrease in the measured gravity. Atmospheric effects include
both the change in the atmospheric densities, and the loading effect on the crust and mantle. In
general, there are three regional atmospheric effects based on the zone classification (Merriam,
1992b):


Local effect: almost 90% of atmospheric effect is caused from atmospheric attraction
within 0.5° of the station, which is called local zone.



Regional effect: this correction is small and is mostly caused by atmospheric loading.
Regional zone is defined from 0.5 ° to around 3° (depending on station topography).



Global effect: it includes the rest of the atmospheric gravity effects, beyond 3° from the
station.
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An admittance approach can be used for single pressure series measured at the gravity measuring
station, as the local part of the atmospheric effect. The admittance factor is obtained by means of
the cross spectrum analysis between gravity and pressure in the frequency domain (Neumeyer,
1995; Crossley et al., 1995). A simple theory anticipates -0.43 µGal/hPa (1 hPa = 100 pa) for an
upward attraction and 0.13 µGal/hPa for the loading effect, resulting in a total admittance factor
of about -0.3 µGal/hPa (Kim et al., 2015). For regional and global corrections, it is necessary to
convolve an observed distribution of surface pressure from spatial meteorological observations
with a Green’s function that is the effect of a point load for a given distance between source and
station (Hinderer et al., 2007).
Merriam (1992b) calculated the Newtonian gravity effect from the integral of the gravity effects
of air columns with area dA and density 𝜌(𝑧), located at angular distance 𝜙𝑠𝑝ℎ in an area of a
spherical cap with a radius of 1° by using:
𝑔𝑎𝑖𝑟−𝑎𝑡𝑡𝑟 (𝜙𝑠𝑝ℎ ) =

𝑃0
5
10 𝜙𝑠𝑝ℎ

𝐺𝑁(𝜙𝑠𝑝ℎ ) 𝜇𝑔𝑎𝑙/𝑚𝑏𝑎𝑟

(3.16)

In this equation, 𝑃0 is the pressure at the station and 𝐺𝑁(𝜙𝑠𝑝ℎ ) is computed as follows:
𝐺𝑁(𝜙𝑠𝑝ℎ ) = 1.629

𝜙𝑠𝑝ℎ
𝜙
sin( 𝑠𝑝ℎ⁄2)

(3.17)

The loading effect has lower magnitude but it has a similar relationship to the Newtonian attraction
formula (3.16):
𝑔𝑎𝑖𝑟−𝑙𝑜𝑎𝑑 (𝜙𝑠𝑝ℎ ) =

𝑃0
5
10 𝜙𝑠𝑝ℎ

𝐺𝐸(𝜙𝑠𝑝ℎ ) 𝜇𝑔𝑎𝑙/𝑚𝑏𝑎𝑟

(3.18)

where 𝐺𝐸(𝜙𝑠𝑝ℎ ) is defined in different regions separately. For an atmospheric pressure model
with 0.05 hPa accuracy, the uncertainty of the correction reaches 0.02 µGal. By considering other
uncertainties regarding global changes, 0.05 µGal can be set as an achievable uncertainty for
atmospheric corrections in gravimetric surveys (Kim et al., 2015).
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It has been shown in several studies that the atmospheric gravity effect is a frequency-dependent
effect with frequencies similar to tidal frequencies (Elstner and Schwahn, 1997). Abd El-Gelil et
al. (2008) introduced an approach based on the least-squares product spectrum of the atmospheric
pressure and gravity time series from superconducting gravimeter measurements. They assigned a
0.293 µGal/mbar admittance factor for low frequency band, and a 0.443 µGal/mbar admittance
factor for high frequency band of atmospheric pressure effect on the gravity (Figure 3.8).

Figure 3.8: Frequency dependent variations of local pressure admittance (Abd El-Gelil et
al., 2008)
3.5.4 Hydrological effects
Hydrological procedures have a significant and complicated effect on gravity. Gravity residuals of
5 µGal or more may contain hydrological effects, mostly from local variations within a radius of
100-300 m from the gravity measuring station (Crossley and Hinderer, 2010). Hydrological effects
are caused by both Newtonian attraction of the water mass, and the response of the Earth to the
surface water mass loading.
Some components of local hydrology are easy to measure, such as rainfall or groundwater level;
however, others are hard to define, e.g., soil moisture (Figure 3.9). A large portion of the changes
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in soil water content (𝑊𝑆𝑀 ) are the seasonal changes that can be modeled as follows (Lambert et
al., 2006):
𝑊𝑆𝑀 = 𝑃 − 𝑄𝑠 − 𝑎𝐸𝑇 − 𝐼𝐺𝐹

(3.19)

where 𝑃 is the precipitation, 𝑄𝑠 is the surface runoff, which depends on surface infiltration rate,
𝑎𝐸𝑇 is the evapotranspiration, which depends highly on temperature and type of ground coverage,
and 𝐼𝐺𝐹 is the drainage out of the system, which mutually depends on the soil moisture content at
the site. These parameters can be measured by empirical methods at each site.

Figure 3.9: Continental part of the hydrological cycle and water mass redistribution
(Lambert et al., 2006)
Soil moisture can be measured directly using several methods and sensors. Typical soil moisture
sensors include soil moisture probes that are buried underground near the survey site. Introducing
lysimeters into gravimetric studies for providing hydrological models was a fundamental
improvement in the deduction of hydrological signals from gravity measurements. A lysimeter is
a large cylinder that is installed at ground level to measure soil moisture and a few other
hydrological factors (Figure 3.10.A). Creutzfeldt et al. (2010) found a remarkable agreement
between the existing hydrological models, residual gravity signal, and water content variations in
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the lysimeter (Figure 3.10.B). About 0.5 µGal accuracy, as the best accuracy for reduction of
hydrological effects, has been delivered by the lysimeter.

(A)

(B)

Figure 3.10: (A) Cross section of a lysimeter (B) Time-series of the SG residuals and the
total hydrological gravity response from lysimeter measurements (Creutzfeldt et al., 2010)
Once the soil moisture is modeled, its gravity effect is determined by a simple relationship that
computes the gravity effect of a horizontal groundwater layer with thickness 𝑏 and porosity 𝜙
using the Bouguer slab formula (Hinderer et al., 2007):
𝛿𝑔𝑆𝑀 = 2𝜋𝛾. 𝜌𝑤 . 𝜙. 𝑏 = 0.42𝜙 𝜇𝐺𝑎𝑙/𝑐𝑚

(3.20)

This is an acceptable estimation as long as the water content is near the surface. Nonetheless, the
actual model is not as simple as a slab and needs better information about the mass distribution
41

and the topography near the station (Peter et al., 1995; Bower and Courtier, 1998). Changes in the
groundwater level are another cause of gravity variations that can be measured in the sampling
wells around the site, and its gravity effect is obtained by a linear regression (Harnisch et al., 2006):
𝛿𝑔𝐺𝑊 = 𝑟𝐺𝑊 × 𝛿𝐻𝐺𝑊

(3.21)

In this equation, 𝛿𝑔𝐺𝑊 is the gravity variation caused by the change in groundwater 𝛿𝐻𝐺𝑊 and
𝑟𝐺𝑊 is the regression coefficient that is provided empirically. In the absence of hydrological
observations, such as groundwater table and soil moisture, one can alternatively model the
hydrological gravity effect with an acceptable approximation by deploying precipitation records
and using the following relationship (Crossley et al., 1998):
𝑖−1

𝛿𝑔𝑖 = 2𝜋𝛾𝜌𝑤 ∑ 𝑃𝑗 (1 − 𝑒𝑥𝑝(−
𝑗=1

𝑖−𝑗
𝑖−𝑗
))𝑒𝑥𝑝(−
)
𝜏1
𝜏2

(3.22)

where 𝛿𝑔𝑖 is the hydrological gravity effect at hour 𝑖, 𝑃𝑗 is the amount of precipitation at hour 𝑗,
and 𝜌𝑤 is the density of water, the time constants 𝜏1 is recharging time, and 𝜏2 describes the
infiltration of the precipitation into the ground.
A few other studies also found accumulated precipitation as a correlated hydrological measure to
the residual gravity signal. Bower and Courtier (1998) came up with a 0.42 µGal/cm admittance
factor for converting cumulative precipitation to gravity changes. In another study, Meurers et al.
(2007) concluded that a tentative admittance factor of 0.254 µGal/cm can relate the cumulative
precipitation to superconducting residual gravity signal measured at Vienna station and 0.386
µGal/cm admittance factor can be used for relating accumulated precipitation to superconducting
gravity signal measured at Membach station. If we assume that the gravity effect of accumulated
precipitation is independent from porosity of subsurface rocks, the Bouguer slab model presented
in equation (3.20), with a porosity of 100%, can be employed to model accumulated precipitation
gravity. In this case, wherever there is no tentative admittance factor already provided from local
gravity measurements, 0.42 µGal/cm can be used for converting accumulated precipitation to
gravity signal, with an acceptable approximation.
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3.5.5 Polar motion
The Chandler wobble, with a period of 435 days, corresponds to the oscillation of the rotation of
the pole, with up to 10 µGal effect in the measured gravity signals (Richter, 1983). This effect can
be modeled accurately by means of the space geodetic series of polar orientation (available on the
IERS website). The amplitudes of polar motion parameters (𝑚1𝑝𝑜𝑙𝑎𝑟 , 𝑚2𝑝𝑜𝑙𝑎𝑟 ) can then be converted
to gravity variations by (Wahr, 1985):
𝛿𝑔𝑃𝑜𝑙𝑎𝑟 𝑚𝑜𝑡𝑖𝑜𝑛 = 3.90 × 10−9 sin 2𝜃 [cos(𝑚1𝑝𝑜𝑙𝑎𝑟 𝜆) − sin(𝑚2𝑝𝑜𝑙𝑎𝑟 𝜆)]

(3.23)

where 𝛿𝑔𝑃𝑜𝑙𝑎𝑟 𝑚𝑜𝑡𝑖𝑜𝑛 is the polar motion gravity effect in µGal, (θ, λ) are the latitude and longitude
coordinates of the station, and 𝑚1𝑝𝑜𝑙𝑎𝑟 and 𝑚2𝑝𝑜𝑙𝑎𝑟 are dimensionless parameters, which describe
polar motion.
3.6 Ground deformation theory and techniques
3.6.1 Introduction
Ground surface deformation can be considered as an indicator of subsurface changes in many
geophysical investigations, such as aquifer charging and discharging (Reeves, 2013), volcanoes
(Massonnet et al., 1995), faults (Cuenca, 2012), and geological storages (Baek, 2014).
Deformation of the Earth’s surface can result in serious damage to infrastructure, such as high-rise
buildings, bridges and dam structures. Fortunately, there are several accurate geodetic techniques
to measure and monitor absolute ground surface deformation. In general, these techniques are
divided into the two major categories of terrestrial and space-based positioning methods. Land
surveying as the traditional terrestrial method has been in use for decades. An accuracy of a few
millimeters is feasible by establishing and monitoring a network of stations in the region under
investigations. Regardless of the obtained accuracy in the measurements, terrestrial methods are
usually costly and time consuming. The space-based methods, on the other hand, provide many
more observations, along with flexibility in the time and location of the measurements. In
particular, satellite based techniques have provided highly accurate and easily accessible methods,
at both large and small scales. In the following sections, several ground deformation sensors and
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techniques are introduced. This study will mainly focus on the InSAR techniques that have
contributed successfully to many storage monitoring projects.
3.6.2 Ground deformation monitoring techniques
3.6.2.1 Global positioning system (GPS)
The contributions of 32 satellites establish the foundation of the Global Positioning System (GPS).
GPS techniques are utilized to indicate the location and time of a receiver antenna. These satellites
have been placed into orbit at a height of ~20, 000 km, where the time period for completing every
orbital pass is twelve hours (Sheng, 2005). Position determination using the GPS method is based
upon measurements of the wave travel time between the receiver and at least four satellites
simultaneously, and knowing speed of electromagnetic waves. Current GPS satellite arrangement
design supplies 5 to 8 satellites for the user’s receiver, regardless of its position on the Earth. The
satellites transmit radio frequency electromagnetic waves that are detectable using relatively
inexpensive receiver antennas. These antennas can also be found in devices such as smartphones
and activity trackers. The same transmitted electromagnetic waves can be detected and analyzed
by more advanced receivers. Depending on the type of receiver and the method of data processing,
GPS-based positioning devices can determine position with an accuracy ranging from a few
millimeters to tens of meters.
3.6.2.2 Tiltmeters
Surface deformation observations can also be collected by tiltmeters. Tiltmeters measure
displacement tilt changes with an accuracy in the order of 10-9 radians (Baek, 2014). When the
ground surface swells, the slob of the area above the source of deformation tilts away from the
center. In the subsidence, on the other hand, the slob of the ground surface tilts toward the center
of the subsidence area. Currently, electronic tiltmeters are the most popular type of tiltmeters for
measuring deformation in geodetic monitoring surveys (Westerhaus et al., 2008). Electronic
tiltmeters consist of a small container with a conductive fluid and a bubble at the middle that moves
towards the slob of the surface. There are electrodes in the fluid that measure the voltage change
due to the bubble movements. This voltage change is then calibrated with the slob change.
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3.6.2.3 Synthetic aperture radar (SAR)
Sometimes, surface deformation mapping includes regions of tens of square kilometers, and
hundreds points of observation. This scale of surface monitoring cannot be achieved by
conventional ground deformation monitoring techniques. Space-borne monitoring techniques,
such as SAR, provide surface displacement maps with high spatial resolution and exceptional
vertical accuracy of a few millimeters (Sheng, 2005). Synthetic aperture radar (SAR) is a remote
sensing technique in which a narrow beam, transmitted from a radar antenna, is reflected from the
surface of interest. This radar beam is a type of electromagnetic microwave radiation that is less
sensitive to atmospheric absorption. This radar system is usually mounted on an aircraft or satellite.
Repeated pulses of the beam are transmitted and then the amplitude and the phase of reflected
beams are detected by a receiver antenna. As the radar’s location is changed relative to the target
point on the ground, two phase recordings of a single target from different angles are combined to
obtain an InSAR image (Baek, 2014). Other radar interferometric methods, such as differential
InSAR (DInSAR), and persistent scatterer InSAR (PSInSAR) have been developed to enhance the

applicability of the SAR technique in ground deformation monitoring. In the next section, the
InSAR technique will be discussed in more detail.
3.6.3 Ground deformation monitoring using InSAR technique
Interferometric Synthetic Aperture Radar (InSAR) technique is a relatively new means to map the
Earth’s surface deformation (Wortham, 2014). Radar interferometry began in the 1970s with the
introduction of interferograms to map the topography of the moon. Airborne SAR was established
later in the 1980s, providing an efficient remote sensing technique to monitor the undulation of the
Earth’s surface for geosciences applications. Initially, SAR radar antennas were mounted on
aircrafts, until the first satellite SAR mission was launched by the European Space Agency. ERS1 was launched in 1991 to cover global-scale ground surface SAR measurements. A list of recent
satellite missions is shown in Table 3.3 (Wortham, 2014). Applications of satellite radar
interferometry emerged instantly in several geosciences fields, such as hydrology, volcano
deformation monitoring, earthquake activities, and arctic studies (Cuenca, 2012). The promising
operation of the ERS-1 inspired space agencies to launch tens of other InSAR-based satellites with
a variety of new resolutions, beam wavelengths, and polarizations.
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Table 3.3: Selected current and the past SAR missions. Values between parentheses in
incident angle column denote nominal mid-incident angles (Wortham, 2014)
Mission

Year

Height (km)

Band

Incident angle

Swath

ERS-1

1991-2000

790

C-Band

21 (23) 26

100

JERS-1

1992-1998

568

L-Band

26 (39) 41

85

ERS-2

1995-2011

790

C-Band

21 (23) 26

100

RADARSAT-1

1995-2013

792

C-Band

(20)-(49)

10-500

Envisat

2001-2012

800

C-Band

(20)-(50)

100-500

ALOS-1

2002-2011

700

L-Band

(8)-(60)

40-350

RADARSAT-2

2003-

798

C-Band

(20)-(60)

20-500

TerraSAR-X

2007-

514

X-Band

(20)-(55)

100-270

ALOS-2

2014-

636

L-Band

(8)-(70)

50-350

A simplified scheme of the SAR geometry is shown in Figure 3.11. The satellite travels in the
azimuth direction and the range is defined as the distance between the phase center of the antenna
and the target. The radar beam covers a finite region on the ground surface and the shape and size
of the antenna determine the resolution of the antenna footprint. As the beam width increases, the
resolution along the azimuth direction is decreased.
Unlike SAR imaging, which uses both the amplitude and the phase of the reflected signal, InSAR
takes advantage of the phase differences between different reflected beams in multiple passes over
the target area. The two images creating the interferometric image are called master and slave
images. As each image is obtained in a slightly different geometry, the slave image must be coregistered and resampled to the master image. Once the resampled slave image is formed, the phase
difference is calculated using pixel by pixel conjugate multiplication between the slave and master
images (Wortham, 2014):
𝐼𝑛 = 𝑀𝐼. 𝑆𝐼 ∗ = 𝐴𝑀 𝑒 𝑗𝜙𝑀 𝐴𝑆 𝑒 −𝑗𝜙𝑆 = 𝐴𝑀 𝐴𝑆 𝑒 𝑗(𝜙𝑀 −𝜙𝑆 )

(3.24)

where 𝐼𝑛 is the interferometric image, 𝑀𝐼 denotes the master and 𝑆𝐼 denotes the slave images.
Consequently, 𝐴𝑀 and 𝐴𝑆 represent the amplitudes of the master and slave images respectively,
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while 𝜙𝑀 and 𝜙𝑆 denote the phases. The interferometric amplitude is obtained from the product
of the amplitudes of slave and master images. The interferometric phase, however, is the phase
difference between the slave and master phases.
SAR Satellite

Azimuth

Antenna footprint

Swath

Width

Figure 3.11: schematic SAR satellite operation
The phase difference between two beams in two epochs can be an evidence of the ground surface
displacement. In reality, there are several interfering factors that impact on the measured distance
by InSAR. Topography, the Earth’s curvature, atmospheric interference, orbital position
inaccuracy, scattering properties change, surface displacement, and the residual phase noise, are
the most important factors that affect the radar beam and consequently the measured distance
between the SAR sensor and the ground surface area. The interferometric phase components can
be presented by (Cuenca, 2012):
Φ = W {Φ𝑟𝑒𝑓 + Φ𝑡𝑜𝑝𝑜 + Φ𝑑𝑒𝑓 + Φ𝑜𝑟𝑏 + Φ𝑎𝑡𝑚 + Φ𝑠𝑐𝑎𝑡 + Φ𝑛𝑜𝑖𝑠𝑒 }
where:


Φ is the measured interferometric phase difference



W denotes the wrapping operator
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(3.25)



Φ𝑟𝑒𝑓 is the effect of the changing height of reference surface



Φ𝑡𝑜𝑝𝑜 represents the contribution of the height of a pixel from the reference surface



Φ𝑑𝑒𝑓 is the effect of ground deformation on the interferometric phase



Φ𝑜𝑟𝑏 is the phase change caused by the inaccuracy in the orbit of the satellite



Φ𝑎𝑡𝑚 refers to the phase due to the atmospheric interferences



Φ𝑠𝑐𝑎𝑡 is the phase change caused by the change in scattering properties of the reflecting
surface



Φ𝑛𝑜𝑖𝑠𝑒 represents the residual phase noise

Depending on the application, each of these effects can be considered as an interference, or the
subject of research. However, the majority of studies are interested in Φ𝑑𝑒𝑓 as the outcome of the
interferometric phase processing. DInSAR technique has been developed to derive the phase shift
differences attributed to the changes in surface elevation and generate a differential interferogram,
by removing the topographic and Earth’s curvature effects from an interferogram. Topographic
phases can be modeled by using external digital elevation models (DEMs), co-registered with the
interferograms, and the Earth’s curvature phase can be derived from orbital information of the
satellite.
In some cases, DInSAR fails to recover the surface displacement due to the lack of coherence of
the interferogram pixels. This happens in the areas that experience large rapid ground
displacements, or the areas covered by vegetation, where the scattering characteristics of the
surface are changed over time. PSInSAR technique has been developed to address this problem by
exploiting pixels that remain coherent in a series of interferograms. These pixels are usually
representing consistent and stable reflectors such as buildings, roads, dams, and man-made
infrastructures. This method is mostly applied in the urban areas with permanent scatterers. In the
field operations outside the urban areas, a network of corner reflectors can be installed to provide
stable reflectors deployed by PSInSAR.
3.7 Gravimetric and geodetic field operation design for geological CO2 storage monitoring
Geological CO2 storages require accurate surveillance of the injected CO2 over a prolonged time
period. The mass balance changes in the CO2 reservoir can be monitored and modeled most
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effectively using integrated gravity and ground surface deformation monitoring techniques (Figure
3.12). The iGrav superconducting gravimeter is the key instrument recommended in the present
research for continuous gravimetric monitoring of the CO2 plume; several other gravimeters, such
as relative spring gravimeters and absolute gravimeters, also support the iGrav’s measurements.

Figure 3.12: Contribution of gravimetric and geodetic techniques to geological CO2 storage
monitoring
InSAR techniques with millimeter accuracies are also very popular in large-scale deformation
monitoring surveys. However, it should be noted that, as the InSAR-based technology is limited
to the detection of vertical displacement, tiltmeter and GNSS observations need to be integrated
and analyzed as well in order to generate a 3D displacement map. Even if the normal surface
deformation caused by CO2 injection is too small to be detected, ground deformation monitoring
is still required to detect non-CO2-related surface deformations, which result from tectonics,
hydrology, or even human activities, as they can influence other measurements, such as gravity or
seismic wave arrival times.
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The present research employs all currently available state-of-the-art gravimeters, as well as the
most advanced ground surface displacement monitoring technologies. Through the combination
of all these technologies, a geological CO2 monitoring protocol, using gravimetric and geodetic
techniques, will be established. In the following paragraphs of this section, the contribution of the
gravimetric and geodetic techniques involved in geological CO2 storage monitoring will be
clarified in more detail.
The portable iGrav superconducting gravimeter can be used for recording continuous gravity
variations in field applications. Installation of the iGrav is easier and quicker than older generations
of superconducting gravimeters. However, the iGrav should be anchored to a pillar connected to
the cap rock tightly, as placing it on a steady platform can adequately eliminate the interferences
from ground vibrations. Deployment of a 2m × 4m concrete platform is recommended, on which
the corner reflectors, tiltmeters, GNSS antennas and gravimeters should be mounted for
simultaneous measurements. The platform should be placed at a location away from human and
environmental activities, yet close to the injection site. It is also recommended to couple the
platform firmly to the ground and assign it as a reference station. Reduction of all environmental
gravity effects, including Earth tides, air pressure, ocean loading, hydrology, and polar motion
from the iGrav’s measurements, can be conducted by the techniques explained in section 3.5. The
iGrav’s residual gravity can be interpreted individually, or utilized to connect seasonal spatial
gravity surveys acquired by relative spring gravimeters. The Micro-g LaCoste-Romberg FG5 or
A10 absolute gravimeters are usually used to calibrate the relative measurements of the iGrav SG
or CG5 spring gravimeter. The A10 has also the ability to support relative spring gravimeters by
acquiring absolute spatial measurements in the field, while FG5 measurements can be used as the
reference datum.
Spatial gravity surveys can be conducted in the near zone, around the injection well, using spring
gravimeters. As the measurements of spring gravimeters are easily acquired for a very low cost,
they can be deployed in a dense network over the storage area. The main problem of spring
gravimeters is the presence of high drift in their measurements. Several innovative assemblies of
CG5 gravimeters have been introduced in previous studies, in order to address the drift and reduce
the uncertainties in the spring gravimeter measurements. Liard et al. (2011) invented an assembly
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on which two Scintrex CG5 gravimeters were mounted side by side, supported with a mounted
GPS antenna for detecting the height changes.
To determine the drift more accurately, and to enhance the accuracy of the relative gravimeter
measurements, an ideal strategy includes a combination of absolute, superconducting, and spring
gravimeters measurements, obtained in a network with triangle-closure-based sequence. Figure
3.13 demonstrates a network configuration for an effective gravimetric survey, introduced by Jiang
et al. (2009).

A)

C)
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3

+

2

1

B)
5

6

7

Figure 3.13: Network design for obtaining 1-2 μGal accuracy in spatial gravity surveys
over geological CO2 reservoirs (Jiang et al., 2009)
By conducting gravity measurements using spring gravimeters, and following the two network
schemes shown in Figures 3.13.A and 3.13.B, a spatial relative gravity survey with 36
measurements at 7 stations, shown in Figure 3.13.C, is obtained. In this network, the tie station in
the middle is revisited 12 times in a complete survey, while the other stations are revisited four
times. If we assume gravity observations are acquired every half an hour, and consider 5 μGal as
the accuracy of the spring gravimeters such as Scintrex CG5 or the ZLS Burris, the covariance
matrix of average gravity and linear drift estimation errors after least-squares adjustment is given
by equation 3.5 as:
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𝐶𝑥 =

4.1 1.8 2.1 2.3
7.9 1.9 2.1
8.4 2.4
8.9

2.6
2.3
2.7
3.0
9.6

2.3
2.1
2.4
2.7
3.0
8.9

[ 𝑆𝑦𝑚𝑚𝑒𝑡𝑟𝑖𝑐

2.1
1.9
2.2
2.4
2.7
2.4
8.4

−.23
−.21
−.24
−.27
−.30
−.27
−.24
. 03 ]

(3.26)

In this matrix, the first entry on the main diagonal belongs to the tie station at the center of the
network. The standard deviation of estimation error reaches ~2 μGal for the tie station and ~3 μGal
for the other stations. These uncertainties are reduced to ~1.5 μGal for the tie station and ~2 μGal
for the other stations, if we employ a dual sensor spring gravimeter similar to the designed
assembly in Liard et al. (2011).
The acquired accuracies can be enhanced by repeating the measurements, however, there is a tradeoff between the cost and time of a gravity survey, and the accuracy obtained in that survey. A
gravity survey shown in Figure 3.13.C takes almost 18 hours to be completed. The time of a survey
depends on the distance between measuring stations and the number of required observation
points, and both variables depend on the horizontal extension of CO2 distribution. In the CCS
projects, wide areas of CO2 distribution need more measurements for a complete coverage and
longer time to travel between stations. On the other hand, the desired accuracy for gravimetric
interpretation is strongly dependent on the gravity signal strength. If we have a small gravity signal
2
2
with a noise to signal ratio (𝜎𝑛𝑜𝑖𝑠𝑒
: 𝜎𝑠𝑖𝑔𝑛𝑎𝑙
) larger than 1, it is always worthwhile to carry out more

measurements over the network stations. If the noise to signal ratio is small though, we can invest
on a network with larger number of stations by performing gravity surveys in several networks
similar to the network configuration presented in Figure 3.13.C, over the CO2 reservoir. By
integration of the iGrav SG and/or A10 and FG5 absolute gravimeters as the reference values in
these networks, accuracies of 1-2 μGal can be achieved.
The accuracy of the gravity changes between two epochs at each station in a gravimetric network
is mainly related to the accuracy of the individual relative gravity measurements in each epoch,
along with the accuracy of the temporal gravity measurements at the reference station. The
seasonal gravity change at the ith station 𝛿𝑔𝑖 is derived by:
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𝛿𝑔𝑖 = 𝑔𝑖1 − 𝑔𝑖2 + 𝛿𝑔𝑑𝑒𝑓

(3.27)

where 𝑔𝑖1 and 𝑔𝑖2 are the gravity values at the first and the second survey epochs, respectively,
and 𝛿𝑔𝑑𝑒𝑓 denotes the gravity effect of the ground deformation between the two surveys. The
spatial gravity surveys should be synchronized with the surface deformation maps from the InSAR
measurements. As a result, gravity anomaly maps and their temporal variations can be modeled
and interpreted jointly with the surface deformation maps. As both 𝑔𝑖1 and 𝑔𝑖2 in equation (3.27)
are linked to two different reference gravity values of 𝑔𝑟𝑒𝑓1 and 𝑔𝑟𝑒𝑓2, we have:
𝑔𝑖1 = ∆𝑔𝑖1 + 𝑔𝑟𝑒𝑓1

(3.28)

𝑔𝑖2 = ∆𝑔𝑖2 + 𝑔𝑟𝑒𝑓2

(3.29)

where ∆𝑔𝑖1 and ∆𝑔𝑖2 represent spatial relative gravity measurements of the spring gravimeters at
the ith station in two epochs. By replacing equations (3.28) and (3.29) in equation (3.27), we
obtain:
𝛿𝑔𝑖 = ∆𝑔𝑖1 − ∆𝑔𝑖2 + (𝑔𝑟𝑒𝑓1 − 𝑔𝑟𝑒𝑓2 ) + 𝛿𝑔𝑑𝑒𝑓

(3.30)

The term in the parentheses can be obtained by continuous gravity measurements of an iGrav SG,
or the difference between two absolute gravity values at the reference station. If we assume that
the accuracy of the spatial relative gravity measurements using spring gravimeters, can be reduced
to 1-2 μGal, and further assume 1 μGal as the combined accuracy of ground deformation gravity
effect and iGrav SG gravity measurements, we obtain accuracies between 1.7 and 2.2 μGal for
determination of temporal gravity variations at a station. Hence, gravity signals with normal
distribution and standard deviations close to 1-2 μGal will be considered as the gravity noise during
the inverse modelling of temporal gravity changes, in the next chapters.
In order to calculate the gravity changes between two different epochs, we have suggested the
subtraction of the relative gravity measurements in the two epochs (equation 3.30), considering
the iGrav temporal measurements as the reference station, which related the measurements in the
two epochs. Nonetheless, a more accurate two epoch gravity network analysis, including the global
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congruency testing (Ebeling, 2014) and the determination of the stations with real gravity change,
is necessary to enhance the accuracy and reliability of the observations. A more detail assessment
of two epoch analysis and its application in gravity surveys, should be considered in future studies.
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Chapter Four: Gravimetric and geodetic methodology for geological CO2 storage
modelling
4.1 Geological CO2 reservoir properties
4.1.1 Porosity and permeability of geological reservoirs
Geological reservoirs are defined as formations made of one or more rock types that contain natural
fluids such as brine or hydrocarbons. Reservoir rocks should contain pores or fractures between
grains and these spaces should be connected so that the fluid content can flow through the porous
rocks. Sedimentary rocks, such as sandstone or limestone are the main compositions of the
reservoir rocks. On the other hand, geological reservoirs must be surrounded by impermeable rock
barriers consisting of very fine grain rocks with no permeability, in order to prevent the stored
fluid from escaping into the surrounding formations. Shale and mudstone are two examples of
such sealing rocks. Grain type, size, and composition of the formation materials are the basic
criteria for reservoir porosity and permeability determination. Figure 4.1 represents two core
samples comparing the porosity and permeability of sandstone versus shale rocks.

(A)

(B)

Figure 4.1: (A) High porosity and permeability in sandstone rocks vs (B) Low porosity and
permeability in shale rocks
The response of the reservoir to fluid mass changes differs for varying reservoir geometries
(mostly dependent upon areal extent, thickness, and the depth of the reservoir), geological
structures and settings (such as initial pressure and temperature), and material properties (the
stiffness and the mechanical properties of the overburden, fluids, and rocks material). Prior to the
withdrawal or injection of fluids, the reservoir rocks and the overburden are both in equilibrium
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conditions. The weight of overburden sediments is supported by both the rock matrix of the
reservoir and the fluid within the rock pore spaces (Hermansen et al., 2000). When fluid is
withdrawn from or injected into the reservoir, the pore pressure is changed accordingly. Reservoir
deformations occur initially in the central parts of the reservoir. Once the reservoir deforms, the
overburden deforms as well, resulting in a ground surface deformation assuming that the
overburden and reservoir are uniform, homogeneous, isotropic, and poroelastic in a half-space.
Ground surface displacements due to reservoir deformation are observed as vertical, horizontal,
and tilt changes. Experiments have shown that the maximum displacement due to reservoir
compaction or expansion occurs in the vertical direction. The geometry of the reservoir, such as
its depth and width, has a major impact on the way it will react during mass injection and
extraction, and has a significant effect on the induced deformations that will appear at the Earth’s
surface. If the reservoir width is greater than its depth, a large portion of the vertical deformation
in the reservoirs is transmitted linearly to the surface through the overburden rocks and results in
vertical surface deformations being much larger than horizontal displacements induced on the
ground surface (Dusseault and Rothenburg, 2002). The surface deformation is then formed as a
function of the change in the reservoir’s thickness. Although horizontal displacements and tilts
may be small in magnitude, the damage they cause can be significant (Monfared, 2009); therefore,
they should also be identified accurately.
4.1.2 CO2 flow, trapping, and leakage mechanisms in geological reservoirs
The flow mechanisms in reservoirs can be indicative of the distribution pattern of the injected CO2.
Important questions, such as whether the injected CO2 replaces the ambient fluid or causes a
porosity increase, sinks or rises vertically, and dissolves or traps residually can be answered only
in the presence of a good understanding about the fluid behavior in different reservoir settings and
conditions. Several physical and chemical consequences may result individually or in combination
as a result of the CO2 injection:


Migration of CO2 laterally in the same layer or vertically to the top layers



Leakage of CO2 into shallow zones and eventually to the atmosphere through wells, faults,
or fractures in the top sealing cap rock



Displacement of the ambient reservoir fluid by the injected CO2
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Change in the porosity and permeability



Dissolution of the injected CO2 within the reservoir ambient fluid



Residual trapping of CO2



Change in the pore pressure



Chemical reaction between the reservoir fluid, the injected CO2, and the reservoir rocks



Change in the effective stress



Induction of micro seismic activities

The density and viscosity variations of the CO2 and the ambient reservoir fluid such as brine play
key roles in some of these scenarios. After injection, CO2 and the pre-existent fluid flow in the
reservoir in a direction that is dependent upon the relative densities and viscosities of the injected
CO2 and ambient fluid, as well as the reservoir permeability map, and the shape and slope of the
formation. Potential CO2 reservoirs are normally located at depths between 800 to 3000 m. Higher
temperatures and pressures at such depths transform CO2 into a supercritical state in which CO2
exists as a liquid (Huppert and Neufeld, 2014). However, the density of CO2 still remains less than
that of brine. Normally, the changes in the density of the CO2 lie in the interval between 0.266 and
0.733 g/cm3, corresponding to depths from 800 to 3000 m, while the changes in density of brine
in the same depth interval varies between 0.945 and 1.230 g/cm3 (Nordbotten et al., 2005).
Likewise, the viscosity of CO2 changes in a span well below the viscosity of brine. The viscosity
of brine changes in the 0.195-1.58 mPa.s range, versus that of CO2, which changes in the 0.0230.0611 mPa.s range. The large difference in the densities and viscosities make CO2 a buoyant fluid
with much higher migration possibility than brine. Therefore, the buoyancy forces, as well as the
injection pressure (specifically near the injection zone), supplement the propelling force for
migration of CO2 inside the reservoir.
The flow of fluid near the injection point is confined, and the injected CO2 is conducted towards
the depth as a result of the injection pressure. Due to the dynamic of CO2 and brine in this zone,
the brine is pushed away and the injected CO2 fills the pores. The buoyancy forces dominate the
flow drive in the far zones, usually located at distances beyond a few hundreds of meters from the
injection well, depending upon the properties of the reservoir, such as the size, thickness, injection
pressure, permeability, etc. As an example, the buoyancy flow is more significant in a shorter
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distance with respect to the injection source when the reservoir thickness is larger. The
permeability influence on the fluid flow can be demonstrated in the large-scale CO2 sequestration
storages belonging to the Sleipner and In Salah CCS projects. Due to the higher permeability of
the Utsria formation at Sleipner, buoyancy force plays a more important role at short distances (in
the order of 102 meters), while buoyancy starts to spread out the CO2 from longer distances (in the
order of 103 meters) in the low permeable In Salah reservoir (Woods, 2015).

Figure 4.2: Fluid dynamic of injected CO2 inside a geological storage (Huppert and
Neufeld, 2014)
In fact, the buoyancy rise can spread CO2 even in the absence of the injection pressure until CO2
reaches the layers with low permeability or cap rocks. Collection of CO2 at the ceiling part may
increase the chance of encountering cracks and fractures and escaping into shallower layers. At
distances farther away from the injection zone, the thickness of the CO2 current narrows. A sharp
border is then usually formed between the lower density CO2 and the heavier brine, and the flow
spreads more laterally. In this zone, the pressure in the current is mainly hydrostatic pressure. The
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hydrostatic pressure is the pressure at a point inside a fluid caused by the gravity force from the
entire volume of fluid above that point. This pressure increases proportionally to the depth, and
can be roughly considered as 10 MPa/km. With a lighter weight and more buoyancy, the significant
fluid dynamic is attributed to CO2, while brine shows negligible dynamic in this region (Hesse et
al., 2007). Figure 4.2 exhibits the fluid dynamic of the injected CO2 inside a geological storage.

Figure 4.3: Propagation of buoyant CO2 into a horizontal porous media during the time
(Hesse et al., 2007)
As it has already been stated, the injected CO2 moves vertically downward towards the bottom of
the reservoir under the injection pressure drive, and then propagates horizontally afterwards due
to the buoyancy drive. Figure 4.3 demonstrates the spreading behavior of CO2 and the velocity of
horizontal propagation over time. If we assume 𝑥 as the horizontal distance between the CO2
front and the injection well, the CO2 front is diffused as 𝑥 ∝ 𝑡
however, the span of the diffusion reaches 𝑥 ∝ 𝑡

1⁄
3

1⁄
2

at the early scattering time;

afterwards until the trapping mechanisms

seize the movement of the injected CO2 (Hesse et al., 2007). At this time, CO2 occupies a very
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thin layer compared to the total reservoir thickness, at the top portion of the reservoir just below
the sealing cap rock.
Different geological mechanisms of trapping include structural trapping, residual trapping,
dissolution, and mineralization (Figure 4.4). Structural trapping refers to the situation where low
permeable cap or boundary rocks prevent CO2 from moving upward or sidewise. Residual trapping
dominates mostly once injection stops and CO2 starts to migrate upward, leaving residual
immobile CO2 bubbles behind. Trapping rates are almost negligible during injection operation.
Hence, sequestration security increases as buoyant CO2 becomes immobilized by different
trapping stages over time (Figure 4.4 b).

Figure 4.4: Trapping mechanisms as a function of time (Bachu, 2008)
The buoyancy of CO2 leads to migration of CO2 even into remote regions where the injection
pressure has no effectiveness. Alternatively, leakage can occur due to the buoyancy force as well,
unless CO2 is trapped by impediments. Low permeable cap rock provides a primary trapping
against the CO2 migration into shallower formations; however, the presence of fractures may result
in the failure of sealing cap rock to maintain the CO2 inside the reservoir. The more CO2 moves
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under the cap rock laterally, the chance of encountering fractures increases. Another trapping
procedure must exist in order to stop the mobile CO2. CO2 becomes partially dissoluble in water
in the supercritical condition (Huppert and Neufeld, 2014). The solution of CO2 into brine creates
another phase of liquid with a different density from that of CO2 and brine individually. This
density change results in more convection of fluid in the reservoir and increases the chance of
contact between the CO2 and brine and ultimately increases the chance of secondary dissolution.
The convection of CO2 saturated brine takes place in the upward-downward direction like a
fingering pattern by conducting the dissolved CO2 in brine fluid to the bottom and bringing fresh
brine to the top at the contact area (Figure 4.2). This procedure continues until a uniform
concentration is achieved in the long-term, which ultimately leads to the loss of buoyant CO2 and
weakens the migration probability by trapping CO2 in large scale (MacMinn and Juanes, 2013).
As an example of this mechanism, the dissolution rate of CO2 in brine at Sleipner reaches 10% per
year, which promises a relatively quick CO2 trapping in a few years (Huppert and Neufeld, 2014).
Another trapping procedure at the contact interference occurs once the CO2 current recedes in
some areas, leaving a portion of stationary CO2 inside the pore spaces. This phenomenon is called
capillary trapping or residual trapping. As a result, the amount of mobilized CO2 diminishes over
time, and the chance of leakage is reduced. The interaction between buoyancy and capillary forces
determines the flow and trapping mechanisms of CO2 inside the reservoir. Once the buoyancy
force dominates, CO2 flows on top of the denser brine; however, CO2 is trapped inside the pores
after the buoyance force diminishes, and capillary force comes into action (Kong, 2014).
Injection of CO2 into small-scale geological reservoirs is not cost-efficient, due to the cost of the
transportation pipeline and the construction of facilities at the injection site. Monitoring of the
storage is also more effective in one vast storage, rather than several smaller ones. Hence, huge
masses of CO2 have been considered to be stored in commercial-scale projects. One hazardous
consequence of storing such huge masses of CO2 emerges in connection with the geomechanical
response of the reservoir. Studies have shown that the stress on the crustal rocks above the injection
zone of the large-scale CO2 storages increases, and consequently induces micro seismic activities.
Even small to moderate earthquakes, combined with induced micro seismic and pressure build-up
caused by injection, may trigger fault slips (Zoback and Gorelick, 2013). The magnitude of these
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seismic activities is not severe enough to cause direct damage or endanger lives; nonetheless,
careful monitoring of the geomechanical changes in the reservoir is essential to ensure effective
sequestration.
Other than environmental causes of leakage, such as faults and pre-existing fractures, the injection
activities themselves may introduce new paths for CO2 to escape. The three major hazardous
consequences induced by CO2 injection include (Verdon et al., 2013):


Chemical reaction between CO2-brine composition and cap rock minerals may increase the
permeability of the sealing cap rock



The injection wellbore itself may provide a path for CO2 to escape if the cement casing
encounters damage or erosion



Reservoir deformation may result in fractures in the cap rock and increase the chance of
CO2 migration to the top formations

Amongst all of these possible consequences, the geomechanical deformation of the reservoir has
been identified as the most likely hazard. While small deformations may occur without significant
risk to the storage, a substantial deformation may not be handled safely by the reservoir. Examples
of such leakages have been found in oil and gas reservoirs (Zoback and Zinke, 2002; Evans, 2009).
4.1.3 Dependency of CO2 properties on reservoir pressure and temperature
Another factor having a substantial influence on sequestration safety is the pressure. As shown in
Figure 4.5, pressure build-up is at its maximum rate during the injection period. At this time period,
the probability of geomechanical activities, such as rock fracturing, permeability enhancement,
fault slip and opening, and induced micro-seismicity increases, which in turn decreases the storage
safety. To address and prevent such hazards, injecting operators avoid pressure build-up above a
standard threshold. Post-injection periods encounter lower risks because of the pressure decay in
absence of injection pressure.
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Figure 4.5: Pressure variation in different CCS phases (Bachu, 2008)
Under standard atmospheric pressure and temperature, CO2 exists in the gas phase, with a density
of about 1.98 kg/m3. After a depth of 800 m, temperature and pressure increase to the point where
CO2 converts to a supercritical fluid. The diagram in Figure 4.6 displays CO2 density and phase as
a function of temperature and pressure. CO2 goes into supercritical phase when the temperature is
greater than 31.1°C and the pressure is above 7.38 MPa. Supercritical CO2 has a liquid-type density
and a gas-type viscosity. The depth at which CO2 undergoes the state change depends significantly
on the surface temperature and geothermal gradient. This state usually emerges at depths greater
than 800 m, assuming a temperature gradient of 25°C/km.
Figure 4.7 presents the density of CO2 as a function of depth with a hydrostatic pressure gradient
of 10 MPa/km and a typical geothermal gradient of 25°C/km. It is apparent that the CO2 density
increases at deeper formations. Nonetheless, in reality, the CO2 density trend is slightly different
from the curves displayed in Figure 4.7, as the temperature and pressure of reservoirs do not obey
typical geothermal and hydrostatic pressure gradients due to variant reservoir sizes and properties.
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Figure 4.6: CO2 density and phase diagram as a function of temperature and pressure
(Bachu and Adams, 2003)

Figure 4.7: CO2 density as a function depth assuming a hydrostatic pressure gradient of 10
MPa/km, and a typical geothermal gradient of 25°C/km with 15°C surface temperature.
Blue cubes represent the volume that CO2 occupies at a depth, relative to the volume that
the same amount of CO2 occupies at the surface (Metz et al., 2005)
64

If CO2 migrates to regions of the reservoir with different pressures and temperatures, supercritical
CO2 might convert to gas or liquid phases. In general, warm basins are less suitable for CO2 storage
than cold basins, due to the limited capacity of the storage, considering the larger required volume
for less dense CO2 at higher temperatures. Moreover, the higher buoyancy of CO2 in warmer
storages increases the risk of migration and leakage.
4.2 Reservoir classification
Among all the commercial CCS projects in which the injected CO2 mass is considerable, the
Sleipner project, located about 240 km away from the coast of Norway in the North Sea (Figure
4.8), has attracted the most attention. The number and diversity of monitoring methods and studies
in the Sleipner project provide a unique opportunity for understanding fluid dynamic and
geological storage characteristics. Seismic surveys have shown that the injected CO2 has been
widely spread into nine horizons in the 300 m thickness of the Utsira sandstone formation as shown
in Figure 4.9 (Boait et al., 2012).

Sleipner

In Salah

Figure 4.8: Locations of the Sleipner and In Salah CCS projects
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Figure 4.9: Seismic images showing cross sections of the two-way travel time (TWTT)
seismic reflectance amplitude at the Sleipner from 1994 to 2008 (Boait et al., 2012)
At Sleipner, the Utsira formation into which the CO2 has been injected is mainly formed by
sandstone, interbedded with narrow layers of shale stringers, located at about 800-1100 m depth
below sea surface. This saline formation contains brine, and due to its high porosity (35-40%) and
large thickness, has an enormous storage capacity. A very thick shale layer provides an impervious
seal on the top ceiling. In addition, a permeability of ~1 D has been measured from sample cores
at Sleipner. This high permeability in the Utrisa formation at Sleipner prevents pore pressure
increase inside the storage due to CO2 injection. These reservoir characteristics guarantee the easy
flow of CO2 throughout the reservoir. As a result, negligible porosity change is observed in the
pores; and consequently, the probability of reservoir deformation due to expansion, or leakage due
to excessive fractures in the sealing formation, decreases. Negligible reservoir deformation results
in no surface displacement over the reservoir, which has been confirmed by ground surface
deformation measurements. Nooner (2005) concluded from continuous measurements of seafloor
pressure gauges that the surface deformation is negligible over the Sleipner area.
The density of CO2 depends on both the pressure and temperature at the reservoir formation which
are mainly varied by the reservoir depth. At Sleipner, although well head CO2 temperature and
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pressure are stably controlled at 25°C and 65 bar respectively, these values reach ~35°C and ~100
bar at the bottom hole of the reservoir level. Using density charts (Figure 4.6), and by considering
the measured temperature and pressure of the reservoir, a density of 720 g/cm3 is obtained for the
injected CO2 at Sleipner, which is in agreement with other studies (Alnes et al., 2008; 2011).
Replacement of brine by CO2 with a lower density creates a negative density change anomaly,
which in turn generates measureable geophysical signals at the Earth’s surface. Beside seismic
methods, which has been able to detect the CO2 horizons with lower density, gravimetric
techniques have provided remarkable insights into the mass balance changes associated with the
injected CO2 into the Sleipner geological storage. A Remotely Operated Vehicle-deployed DeepOcean Gravimeter (ROVDOG) with an innovative assembly consisting of three Scintrex CG5
sensors (Figure 4.10), detected a negative gravity anomaly with 12 µGal magnitude, and 5 µGal
uncertainty, over the CO2 plume at Sleipner. The gravity surveys were conducted in a network
including 30 seafloor stations over the Sleipner injection site as shown in Figure 4.11 from 2002
to 2009 (Alnes et al., 2011).

Figure 4.10: (a) ROVDOG instrument package used in the Sleipner gravity survey in 2002
(b) The internal schematics of the ROVDOG (Nooner et al., 2007)
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Figure 4.11: Gravity stations over the injected CO2 plume at Sleipner (Nooner et al., 2007)
The In Salah gas extraction project is another large scale CCS project, located in the central region
of Algeria. Natural gas is extracted from the Krechba Field at In Salah, which contains 10% CO2,
higher than standard allowed content. Around 3.85 Mt CO2 was separated from gas and was
injected into a 20 m thick sandstone reservoir, located at 1800 m depth, from 2004 to 2011.
The sandstone reservoir formation at In Salah has been formed by carboniferous sandstone with
variable cementations, such as quartz, patchy carbonates, grain-coating chlorites and pyrite (Lopez
et al., 2011). The reservoir has 18-20% porosity, which by considering the low thickness of the
formation, provides a narrow container as the storage. In addition, low permeability of about
0.01mD creates difficult conditions for CO2 to flow. At In Salah, CO2 was injected into the water
leg of a producing gas reservoir. Nonetheless, the negative production pressure had negligible
impact on the CO2 injection and propagation pressure (Hesse et al., 2007). Positive pressure was
induced at the injection area and negative pressure was detected only at the production zone. As a
result, the surface experienced an uplift above the injection storage and sank above the production
well. This implies that the injected CO2 did not replace the exploited gas; instead, the additional
mass was stored in the additional volume provided by the imposed porosity changes.
CO2 pressure and temperature at In Salah reservoir are significantly higher than those at Sleipner.
Pressure at the Krechba fiels reaches ~290 bar and temperature has been identified to be ~80°C
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(Eiken et al., 2011). These values imply a density of about 850 g/cm3, which is confirmed by other
studies as well (Vasco et al., 2008a). The Low permeability and porosity, as well as the small
reservoir size, are most probably the cause of the pressure build-up and resultant volumetric
changes in the reservoir. The volumetric change, or equivalently the reservoir deformation,
generates detectable ground displacement at the surface. InSAR, the most successful technique in
CO2 reservoir monitoring over the In Salah storage, has retrieved a 5 mm/year ground uplift
attributed to volumetric changes in the reservoir as the result of CO2 injection (Mathieson et al.,
2011). A gravity survey over the In Salah CCS project has not been conducted yet, although
gravimetry offered a significant contribution to CO2 reservoir monitoring at Sleipner. Table 4.1
summarizes a few significant differences between the two large-scale CO2 injection projects
associated with the properties of the storages and the injected CO2 mass.
Table 4.1: Comparison between the reservoir properties of Sleipner and In Salah CCS
projects
CO2 Reservoir properties

Sleipner

In Salah

Depth (m)

800-1100

1800

Injected CO2 mass (Mt)

5.88

3.85

Porosity (%)

35-40

18-20

1

0.01

Thickness (m)

200-300

20

Pressure (bar)

100

290

Temperature (°C)

35

80

CO2 density (kg/m3)

720

850

Surface gravity signal (µGal)

-12

NA

0

2

Permeability (D)

Ground deformation signal (cm)

At first glance, the absence of a gravimetric survey at In Salah may be attributed to the small
expected gravity signal as a result of the deeper reservoir and the lower injected CO2 mass. As it
is inferred from Newton’s gravitational law, the vertical component of gravity is dependent on the
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injected mass and the inverse squared value of the true depth. Since the reservoir is almost twice
as deep at In Salah as at Sleipner, the gravity signal thus becomes four times weaker, assuming
similar injected CO2 mass. The injected CO2 mass into In Salah storage is also less than the injected
CO2 mass into the Sleipner reservoir; furthermore, the CO2 injected into the In Salah storage is
distributed in a wider area than the Sleipner storage. That makes the predicted gravity signal of the
injected CO2 at In Salah even weaker.
The satellite InSAR interferogram, representing the surface deformation over the In Salah CCS
site, based on Envisat observations in the time period from November 2003 to March 2010, is
shown in Figure 4.12. The ground surface deformation shown in this map represents the effect of
more than 3 Mt CO2 injected into different parts of the reservoir using three wells (KB-5, KB-502,
and KB-503). Almost 75% (equivalent to ~2.25 Mt) of the CO2 has been injected into the two
Northern wells, KB-502 and KB-503 (Mathieson et al., 2011).

Figure 4.12: InSAR map of accumulative vertical surface deformation at In Salah
(Mathieson et al., 2011)
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By using the digitized InSAR interferogram over the selected area in Figure 4.12, we invert the
vertical ground surface deformation to infer the fractional volumetric change distribution inside
the reservoir, based on the methodology described in section 4.5. In the inversion procedure, the
subsurface has been discretized to one layer of 20 × 20 rectangular prisms located below 1800 m
depth where, horizontal edges of each prism are 1 km in length and the thickness of each prism is
20 m. In addition, the observation stations are considered to be located at the upper face center of
each prism, projected at the surface. The inversion results of the fractional volumetric change
distribution are shown in Figure 4.13. A fractional volumetric change of up to 0.6% is expected to
occur at this region of the reservoir. The inversion results are confirmed by other studies as well
(Vasco et al., 2010). The total volumetric change ∆𝑉𝑇 as the result of CO2 injection into the In
Salah reservoir can be calculated by:
∆𝑉𝑇 = ∑ ∆𝑣𝑗 × 𝑉𝑗

(4.1)

𝑗

where ∆𝑣𝑗 is the fractional volumetric change, and 𝑉𝑗 denotes the volume of the jth prism. By
calculating the total volume change from the distribution map of the fractional volumetric changes
in the reservoir displayed in Figure 4.13, and knowing the total injected CO2 mass 𝑚 𝑇 , we can
obtain the CO2 mass (𝑚𝑗 ) and density (𝜌𝑗 ) distribution in the reservoir as follows:
𝑚𝑗 = Δ𝑉𝑗 ×

𝜌𝑗 =

𝑚𝑇
∆𝑉𝑇

𝑚𝑗
𝑉𝑗

(4.2)

(4.3)

We model the gravity signal of the CO2 density distribution in the In Salah reservoir, using gravity
forward modelling methodology presented in section 4.3, and assuming the CO2 with a lower
density of about 850 kg/m3 replaces the brine, with a higher density of about 1,028 kg/m3. In this
case, the effective density change in each prism filled with CO2 reaches -178 kg/m3. In addition,
it is assumed that the porosity change effect on the gravity signal is negligible, which is the usual
assumption for geological CO2 storage modelling in previous studies. The gravimetric simulation
results have been shown in Figure 4.14. The signal has a peak of ~-0.2 µGal, which is too small
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compared to the measurement accuracies of the most precise gravimeters. Therefore, gravimetric
methods may not be appropriate for the monitoring of the In Salah CO2 storage.
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Figure 4.13: Fractional volumetric change distribution from the inversion of the ground
surface deformation data
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Figure 4.14: Simulated gravity signal around KB-502 and KB-503 wells at In Salah,
assuming CO2 mass replaces the brine
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The key neglected factor in the assumptions of previous studies is the gravity signal dependency
on reservoir porosity changes due to CO2 injection (Gasperikova and Hoversten, 2008; Harris et
al., 2007). In the present study, we cast doubt on previous assumptions by taking the porosity
change effect into account during gravimetric modelling, and evaluating the magnitude of this
effect. As almost zero ground deformation has been observed over the Sleipner storage, the
porosity change can be considered as an insignificant factor on the gravity signal there. At the In
Salah, on the other hand, the large observed ground deformation by InSAR is linked to the reservoir
volumetric changes or, equivalently, to the porosity changes.
The total volumetric change as the result of CO2 injection into the In Salah reservoir can be
calculated from equation (4.1), using fractional volumetric change distribution displayed in Figure
4.13. The results indicate 2.4 million m3 net volume change due to the CO2 injection in the In Salah
reservoir. After injection, the brine density remains unchanged and therefore all of the porosity
change can be filled by the injected CO2. If we calculate the CO2 mass that can fill this extra
porosity, assuming 850 kg/m3 as the CO2 density, we get ~2.04 Mt CO2 mass as the possible
storage capacity. This value is very close to the actual injected CO2 mass of 2.25 Mt. This means
almost all of the injected CO2 contributes to filling the extra volume and there is approximately no
CO2 left for any other process, such as brine replacement.
By accepting the fact that the injected CO2 does not always participate in mass replacement, and
the excessive CO2 mass can be added to the brine mass, we encounter a situation in which we have
a positive density change in the storage, and consequently, we should expect a positive surface
gravity signal. In this case, the modeled gravity signal presented in Figure 4.14 is not a realistic
signal over the In Salah CO2 storage. The gravity forward modelling results of the injected CO2,
implementing the porosity change theory, is shown in Figure 4.15. As shown, a positive signal
with maximum amplitude of about 1 µGal is expected. This contradicts what has been widely
agreed upon for CO2 storages. In the traditional model, CO2 with lower density replaces brine with
higher density, causing an overall negative density anomaly and a negative gravity signal at the
Earth’s surface. The new gravity signal shown in Figure 4.15 is still low amplitude, and cannot be
identified by gravity measurements of currently available terrestrial gravimeters. This implies that
the high depth and low injected mass are still weakening the signal in such a strong way that
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gravimetric monitoring at In Salah may not be as effective as indicated in other studies
(Gasperikova and Hoversten, 2008).
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Figure 4.15: Simulated gravity signal around KB-502 and KB-503 wells at In Salah, by
including porosity change in gravity modelling
After introducing the new hypothesis including the impact of the porosity change on the generated
gravity signal over geological CO2 storages, it seems necessary to establish some criteria to
distinguish between the possible situations and explain different observed gravity and ground
surface deformation signals in different CCS projects. Three major scenarios in geological
reservoirs due to CO2 injection have been classified and depicted in Figure 4.16. After injecting
CO2, both ambient and injected CO2 can be distributed in three possible ways. According to the
traditional theory, the first possibility is the replacement of ambient fluid in the reservoir by the
injected CO2 (Figure 4.16 B). The other possibility, as we introduce in current study, belongs to
the situation in which the injected CO2 causes a porosity change and fills the extra capacity in the
reservoir (Figure 4.16 C). The third possibility is built based on the combination of both the mass
replacement and the porosity change, which generates a complex situation (Figure 4.16 D).
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Figure 4.16: Geological reservoir classification. Blue color represents brine and yellow
color represents CO2: (A) Original reservoir filled with initial ambient fluid such as brine
(B) CO2 replaces a portion of ambient fluid content (C) CO2 causes volume change (D) A
portion of CO2 replaces the original liquid content and the rest of CO2 fills the extra
porosity caused by CO2 injection
In general, we divided geological reservoirs into two main categories: confined and unconfined
reservoirs. Confined reservoirs, such as the In Salah reservoir, have small storage capacity because
of narrow thickness, small width, or low porosity. In addition, they often have low permeability
that generates resistance against the fluid flow, so that the pressure increases in the reservoir,
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resulting in a porosity change or equivalently, reservoir expansion and deformation. In this type of
reservoir, the injected CO2 fills the extra porosity and mass replacement hardly occurs. The
signature at the surface of the injected CO2 into a confined reservoir appears as a positive ground
deformation and a positive gravity signal due to mass balance changes. However, the detection of
a surface deformation signal is subject to an elastic deformation of the reservoir. The reservoir and
overburden rocks are also assumed to be uniform, homogeneous, isotropic, and poroelastic.
On the other hand, unconfined reservoirs such as the Sleipner reservoir take advantage of a large
storage capacity as the result of the large reservoir dimensions and high porosity. High
permeability also provides a smooth flow throughout the reservoir. In this case, pressure build-up
hardly occurs in the reservoir, and consequently, the ground surface above the reservoir
experiences negligible deformations. If a fluid with lower density is injected into an unconfined
reservoir, the injected mass will replace the ambient fluid on the top section of the reservoir, near
the ceiling. The gravity signal in this case is negative, as a result of the negative overall density
change.
Table 4.2: Comparison between properties of confined and unconfined reservoirs
Confined reservoir

Unconfined reservoir

Low porosity

High porosity

Low permeability

High permeability

High pressure build-up after injection

Low pressure build-up after injection

Low thickness

High thickness

Small size reservoir

Large size reservoir

Positive ground deformation signal

Nearly zero ground deformation

Positive gravity signal

Negative gravity signal

Ground deformation can be considered as a reservoir class indicator. If a positive ground
deformation takes places over a reservoir, that reservoir can be considered as a confined one, and
a positive surface gravity signal is expected as a result. Conversely, in cases of insignificant ground
deformation, the reservoir may be considered an unconfined one, and a negative gravity signal
would be the most probable scenario. Nonetheless, if the overburden does not transmit the
76

reservoir deformation to the surface as the result of a poroelastic deformation, smaller or even zero
surface deformation might be observed. The properties of confined and unconfined reservoirs have
been summarized in Table 4.2.
From the reservoir inverse modelling point of view, the CO2 distribution in unconfined reservoirs
is modeled using only gravimetric observations. In the confined reservoir case, however,
gravimetric measurements can be supported by ground deformation measurements that may lead
to a more accurate estimation by using a joint inversion procedure. A detailed methodology of
inverse modelling is outlined in the following sections.
4.3 Gravity forward modelling formulation
The vertical component of the gravity effect corresponding to an anomalous density distribution
𝜌(𝑟′) located at 𝑟′(𝑥′, 𝑦′, 𝑧′) is obtained by:
𝑧′ − 𝑧
𝑔𝑧 (𝑟) = 𝛾 ∫ 𝜌(𝑟′) ′
𝑑𝑉′
|𝑟 − 𝑟|3

(4.4)

where 𝑟(𝑥, 𝑦, 𝑧) is the location of observation point and 𝛾 is the universal gravitational constant.
The objective of the gravity forward modelling is to calculate the 𝑔𝑧 (𝑟) knowing the geometry and
density of the mass distribution. This general formula should be discretized in order to be deployed
in real gravity modelling problems.
The discretized model that we use in the current study is the same as Boulanger and Chouteau
(2001). We divide the subsurface into rectangular prisms (Figure 4.17) where, the observation
stations are located at the upper face centers of the prisms, projected at the Earth’s surface. The
method has the ability to compute the gravity effect at any horizontal surface located at 𝑧 = 𝑧0 .
The forward modelling is then followed by calculating the summation of the gravity effects of all
prisms at each station. The vertical component of the gravity attraction of a rectangular prism at
each station is approximated by (Li and Chouteau 1995):
2

2

2

𝑎𝑝 𝑏𝑞
𝑔𝑧 (𝑟𝑖 )
= −𝛾 ∑ ∑ ∑ 𝜇𝑝𝑞𝑠 × [𝑎𝑝 ln(𝑏𝑞 + 𝜇𝑝𝑞𝑠 ) + 𝑏𝑞 ln(𝑎𝑝 + 𝜇𝑝𝑞𝑠 ) − 𝑐𝑠 arctan (
)]
𝜌𝑗
𝑐𝑠 𝑟𝑝𝑞𝑠
𝑝=1 𝑞=1 𝑠=1
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(4.5)

where


𝑔𝑧 (𝑟𝑖 ) is the vertical gravitational attraction measured at (𝑥𝑖 , 𝑦𝑖 , 𝑧𝑖 );



𝜌𝑗 is the density contrast of the jth prism;



𝛾 is the universal gravitational constant;



𝜇𝑝𝑞𝑠 = (−1)𝑝 (−1)𝑞 (−1)𝑠 with 𝑝, 𝑞, 𝑠 = 1, 2;



′
′
′
𝑎𝑝 = 𝑥𝑖 − 𝑥𝑝𝑗
, 𝑏𝑞 = 𝑦𝑖 − 𝑦𝑞𝑗
, 𝑐𝑠 = 𝑧𝑖 − 𝑧𝑠𝑗
;



′
′
′
(𝑥𝑝𝑗
, 𝑦𝑞𝑗
, 𝑧𝑠𝑗
) are the coordinates of the eight corners of the jth prism;



𝑟𝑝𝑞𝑠 = (𝑎𝑝2 + 𝑏𝑞2 + 𝑐𝑠2 )

1⁄
2

is the distance between one corner of the prism and the

observation station at (𝑥𝑖 , 𝑦𝑖 , 𝑧𝑖 );

Figure 4.17: Discretization of the subsurface by rectangular prisms. Stations are located at
the upper face centers of the prisms, projected at the Earth’s surface
The resultant gravity response of 𝑀 prisms at the ith station is then followed by:
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𝑀

𝑔𝑧 (𝑟𝑖 ) = ∑ 𝐺𝑖𝑗 𝜌𝑗

𝑖 = 1, … , 𝑁

(4.6)

𝑗=1

Geophysical observations are always contaminated with noise. Considering noise in observations,
the equation (4.6) in matrix notation becomes:
𝑔 = 𝐺𝜌 + 𝑒

(4.7)

where 𝐺 is the forward operator matrix, derived from the expression shown at the right side of
equation (4.5), that is used to map the physical parameter space to the data space, and 𝑒 is an Ndimensional error vector.
4.4 Ground deformation forward modelling formulation
Ground surface displacement is often evidence of natural subsurface activities, such as fault slip,
expansion due to magma intrusion, aquifer charge or discharge, etc. Injection of fluids into
subsurface geological storages can also exhibit a similar signature at the ground surface, assuming
subsurface as a uniform, isotropic, and poroelastic half-space. The cause of such displacement is
the deformation of the reservoir itself under excessive pressure inside the reservoir. The
relationship between the reservoir property changes and the ground displacement can be expressed
numerically and analytically. For an elastic half-space, the relationship between surface
displacement 𝑢𝑚 (𝑟) and the reservoir deformation ∆𝑢𝑘 (𝜉) yields (Vasco and Johnson, 1985):
𝑢𝑚 (𝑟) = ∬ ∆𝑢𝑘 (𝜉) 𝑊𝑘𝑙𝑚 (𝑟, 𝜉)𝑣𝑙 𝑑𝛴

(4.8)

𝛴

where 𝑟 = (𝑥, 𝑦, 𝑧) is a point at the surface, 𝜉 = (𝑥𝜉 , 𝑦𝜉 , 𝑧𝜉 ) is a point on the reservoir surface, 𝑣𝑙
is the normal to the surface 𝛴, and 𝑚 denotes the direction of surface displacement. 𝑊𝑘𝑙𝑚 (𝑟, 𝜉) is
the Green function relating surface displacement to reservoir surface deformation. Using a
divergence theorem on the equation (4.8), we can relate the surface displacement to the fractional
volumetric change inside the reservoir. Before that, it is necessary to define some characteristics
related to the volume change within a porous elastic medium due to mass injection or extraction.
Firstly, the reservoir is considered a uniform, isotropic, porous, and elastic half-space in which,
volume change of ∆𝑣 has occurred. The relationship between the volumetric strain in the solid
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matrix 𝜀𝑘𝑘 , the mean stress 𝜎𝑘𝑘 , and the fractional volumetric change ∆𝑣 is obtained from (Vasco
et al., 1998):
𝜀𝑘𝑘 =

𝜎𝑘𝑘 𝐵0 Δ𝑣
+
3𝐾𝑢
𝜌0

(4.9)

where 𝐾𝑢 represents the undrained bulk modulus, and 𝜌0 denotes the density of the fluid in the
reference state. 𝐵0 is Skempton’s pore pressure coefficient, which is defined as the ratio of solid
volume change to pore fluid volume change for relatively incompressible fluids, such as oil and
water (Segall, 1985). Skempton’s pore pressure coefficient lies in the [0,1] interval and for the
formations with water content 𝐵0 = 1 is considered as the acceptable value. The stress term in the
equation (4.9) can be eliminated where the volumetric change in the pores of the rocks are solely
the result of fluid content changes. A stress-free relationship between transformational strain and
the fractional volumetric change then yields:
𝜀𝑘𝑘 =

𝐵0 Δ𝑣
𝜌0

(4.10)

Using the above information and the divergence theorem, as mentioned before, equation (4.8) can
be rewritten in the following form:
𝑢𝑚 (𝑟) =

𝐵0
∭ ∆𝑣(𝑟′) 𝐺𝑚 (𝑟, 𝑟′)𝑑𝑉′
𝜌0 𝑉𝑇

(4.11)

In this equation 𝐺𝑚 (𝑟, 𝑟′) is the Green function, which relates the subsurface fractional volumetric
changes ∆𝑣(𝑟′) at the point r′ = (𝑥′, 𝑦′, 𝑧′) to the surface displacement 𝑢𝑚 (𝑟) at the station located
at 𝑟 = (𝑥, 𝑦, 𝑧). The integration is implemented on the whole reservoir volume 𝑉𝑇 , and the
fractional volumetric change is defined by ∆𝑣 = Δ𝑉⁄𝑉

𝑇0

in which Δ𝑉 represents the reservoir

volume change and 𝑉𝑇0 denotes the initial reservoir volume. The Green function in a 3D coordinate
system is defined as (Vasco and Johnson 1985):
𝐺𝑚 (𝑟, 𝑟′) =

1
𝑚 − 𝑚′
(𝜈 + 1)
3𝜋
𝑆3
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(4.12)

where (𝑚, 𝑚′ ) = (𝑥, 𝑥 ′ ), (𝑦, 𝑦 ′ ), 𝑜𝑟 (𝑧, 𝑧′). In equation (4.12), S is given by:
𝑆 = |𝑟 − 𝑟′| = √(𝑥 − 𝑥′)2 + (𝑦 − 𝑦′)2 + (𝑧′)2

(4.13)

and 𝜈 is Poisson’s ratio which is defined as the negative ratio of the lateral strain to the axial strain
in a material under stress. In order to implement the described modelling formulation in numerical
case studies, equation (4.11) should be discretized. The first step in discretization includes the
division of the subsurface into non-overlapping rectangular prisms as shown in Figure 4.17.
Ground surface displacement at each station is then computed by summation of the displacements
originating from volumetric changes in each prism. The ground displacement at the ith station
caused by volumetric changes in the jth prism is obtained as follows:
𝑗

𝑢𝑚 (𝑟𝑖 ) =

𝐵0
Δ𝑣 ∭ 𝐺 (𝑟 , 𝑟 ′ )𝑑𝑉𝑟′
𝜌0 𝑗 𝑉𝑗 𝑚 𝑖 𝑗

(4.14)

where 𝑉𝑗 and Δ𝑣𝑗 are the total volume and the fractional volumetric change of jth prism,
respectively. Summation of the effects of 𝑁 prisms at the ith station yields:
𝑁

𝑢𝑚 (𝑟𝑖 ) =

𝑗
∑ 𝑢𝑚 (𝑟𝑖 )
𝑗=1

𝑁

𝑁

𝐵0
𝐵0
=
∑ Δ𝑣𝑗 ∭ 𝐺𝑚 (𝑟𝑖 , 𝑟𝑗′ )𝑑𝑉𝑟′ =
∑ Δ𝑣𝑗 Γ𝑗 (𝑟𝑖 )
𝜌0
𝜌0
𝑉𝑗
𝑗=1

(4.15)

𝑗=1

where:
Γ𝑗 (𝑟𝑖 ) =

𝐵0
∭ 𝐺 (𝑟 , 𝑟 ′ )𝑑𝑉𝑟′
𝜌0 𝑉𝑗 𝑚 𝑖 𝑗

(4.16)

Equation (4.15) has the well-known linear form of 𝑑𝑧 = ΓΔ𝑣. This system can be solved by linear
inversion as described in section 4.5 to infer the subsurface fractional volumetric changes Δ𝑣 by
using vertical surface displacement measurements 𝑑𝑧 acquired from geodetic techniques like
InSAR. The integral described by equation (4.16) is usually difficult to solve analytically;
therefore, numerical methods are deployed in order to construct the kernel matrix for the
geomechanical modelling purposes.
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4.5 Geophysical inverse modelling formulation
In this section, we present an inverse modelling methodology which can be used to invert various
kinds of geophysical observations such as gravity or ground surface displacement. Prediction of
model parameters, such as density, volume, or geometry of subsurface features, is the main goal
of the geophysical inverse modelling problems. In particular, we try to find a model that satisfies
observations with an acceptable misfit, while a few constraints stabilize the inversion procedure.
The constraints also reduce ambiguity in finding the closest estimated model to the reality among
several models creating the same observed signal. The ambiguity treatment becomes more
important in the potential field applications. Gravity inversions are known to be ill-posed problems
that suffer from non-uniqueness due to the physics of the problem and the limited number of the
observations compared to the number of model parameters. As a result of the Gauss theorem in
potential theory, many equivalent source distributions can produce the same known field. In
addition, as the kernel matrix in gravity inverse problems is ill-conditioned, the presence of noise
in the observations results in substantial changes in the estimations and causes instability of the
inversion procedure. These issues remain unsolved unless more information is inserted into the
inverse problem.
The type and quantity of the available information, as well as the properties of the geological
target, are used to select the inversion methodology. There are two general methods for resolving
inverse modelling problems. In the first approach, known as the nonlinear approach, a constant
value is selected for the physical property of the target, such as density or volume change, and then
the geometry of a structure is changed to find the best fit between the predicted data and the
observed data. Although we can be sure to obtain a solution by using this method, the approach
needs more effort to solve the inverse problem, as a result of the nonlinear relationship between
the model parameters (geometry) and the observed data. Talwani et al. (1959), Al-Chalabi (1972),
and Pedersen (1977) presented several optimization methods in the space domain to resolve
nonlinear approaches. The second inversion approach concentrates on a constant geometry of the
model blocks and varies the physical property, such as density or volume change of each block,
until an acceptable model that satisfies the observed data is obtained. This method is linear with
respect to the model parameters (e.g., density or volume changes). Nonetheless, we encounter an
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unstable approach in linear inversions that does not always converge and needs some constraints
to reduce the ambiguity of the solutions.
In every inverse problem, a set of observed data (𝑑 𝑜𝑏𝑠 ) is provided, along with estimated errors
(𝑒). A relationship, like 𝑑𝑜𝑏𝑠 = 𝐴. 𝑚𝑡𝑟𝑢𝑒 + 𝑒, also exists between the observations and the model
parameters (𝑚𝑡𝑟𝑢𝑒 ), which are often physical properties of subsurface formations, such as density,
volume change, etc. The goal is to estimate the model parameters (𝑚𝑝𝑟𝑒𝑑 ) that have produced the
observed signal, in a way that the predicted data (𝑑 𝑝𝑟𝑒𝑑 = 𝐴. 𝑚𝑝𝑟𝑒𝑑 ) from such a model are close
to the observations (𝑑 𝑜𝑏𝑠 ). The magnitude and behavior of the error in data (noise) is often difficult
to determine. In this study, we consider the noise in the gravity and ground deformation
observations Gaussian and uncorrelated, as they are usually derived as the result of averaging
multiple measurements. Gaussian noise is characterized with a zero mean and standard deviation
of 𝜎. Optimization of the objective function in this study leads to the minimization of the data
misfit given by:
𝜙𝑑 = ‖𝑊𝑑 (𝑑 𝑝𝑟𝑒𝑑 − 𝑑 𝑜𝑏𝑠 )‖22

(4.17)

where 𝑑 𝑜𝑏𝑠 is an N size vector of observations and 𝑑 𝑝𝑟𝑒𝑑 represents the predicted data from the
estimated model. 𝑊𝑑 is defined as 𝑊𝑑 = 𝑑𝑖𝑎𝑔{1⁄𝜎1 , … , 1⁄𝜎𝑁 } in which 𝜎𝑖 is the standard
deviation of data at the ith station. Many models may satisfy minimization of this objective function
within the acceptable error. To reduce the ambiguity and find the optimal solution, extra
information must be inserted into the problem, by imposing a few constraints on the inverse
problem.
4.5.1 Constraints in geophysical inverse modelling problems
Diverse constraints have been successfully examined in previous studies. Inequality constraints,
which assign a lower and upper boundary for the model parameter estimation, have been examined
by Parker (1974) in geophysical inversions using the ideal bodies approach. Another constraint
was introduced by Green (1975) in which the Bakus-Gilbert approach was used to find the result
that is close to a fixed model based on a-priori geological information of the subsurface densities.
The minimization of the moment of inertia with respect to a point or axes was applied to
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geophysical inversions firstly by Guillen and Menichetti (1984) for obtaining a compact solution.
Last and Kubik (1983) developed another compact gravity inversion to minimize the volume of
the solution. This constraint demonstrates a good performance for the convergence of the inversion
process, and seeks to minimize the area (in 2D) or volume (in 3D) using a density function of each
block as the weight.
The magnitude of the kernel elements in gravimetric inversions diminishes rapidly with depth.
Hence, gravity inversions are sensitive to depth, and the shallow blocks contribute more to the
reconstruction of the estimated model. A depth constraint assigns almost equal probabilities to the
blocks located at the deeper parts of the model. A depth weighting matrix is utilized in this study,
with diagonal elements defined by:
𝑄𝑗𝑗 =

1
(𝑧𝑗 + 𝜀)𝛽

(4.18)

This weighting matrix was introduced by Li and Oldenburg (1996, 1998) and Pilkington (1997),
in which 𝑧𝑗 is the mean depth of the jth block and 𝜀 is a small number to avoid singularity at the
surface. The depth weighting matrix counteracts the natural decay of the kernel so that all blocks
take an almost equal probability during the inversion process. The depth weighting depends on the
power 𝛽. The small values of 𝛽 result in shallow reconstruction of the solution, while large values
concentrate the solution at deeper model blocks. An acceptable value for 𝛽 is chosen between 0.6
and 2, depending upon a priori information about how deep the model could be located.
4.5.2 Tikhonov regularization
The smoothness constraint, introduced by the Tikhonov regularization technique, was applied in
the potential field inverse modelling by Li and Oldenburg (1996, 1998) to minimize the spatial
variation of the model. To apply Tikhonov optimization in this study, an objective function is
defined based on a modification of the objective function introduced by Li and Oldenburg (1998)
as follows:
2

𝜙𝑚 = 𝛼𝑠 ‖𝑤𝑠 𝑄(𝑧)(𝑚𝑝𝑟𝑒𝑑 − 𝑚𝑟𝑒𝑓 )‖2
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2

𝜕 𝑄(𝑧)(𝑚𝑝𝑟𝑒𝑑 − 𝑚𝑟𝑒𝑓 )
+𝛼𝑥 ‖
‖
𝜕𝑥
2
2

𝜕 𝑄(𝑧)(𝑚𝑝𝑟𝑒𝑑 − 𝑚𝑟𝑒𝑓 )
+𝛼𝑦 ‖
‖
𝜕𝑦
2
2

𝜕 𝑄(𝑧)(𝑚𝑝𝑟𝑒𝑑 − 𝑚𝑟𝑒𝑓 )
+𝛼𝑧 ‖
‖
𝜕𝑧
2

(4.19)

In this function, 𝛼𝑠 , 𝛼𝑥 , 𝛼𝑦 , and 𝛼𝑧 are coefficients that determine the relative importance of each
weight in the inversion process, 𝑄(𝑧) is a depth weighting function which was described
previously in section 4.5.1, in detail, 𝑚𝑟𝑒𝑓 is a reference model based upon an understanding of
the geological settings and can be set as the property value of the background model, and 𝑤𝑠 is a
spatially dependent weighting matrix which is usually considered as unit matrix. The first term in
the equation (4.19) denotes a smallness constraint representing the zeroth order Tikhonov
regularization, which tends to estimate a model with minimum difference from the reference
model. By considering 𝑚𝑟𝑒𝑓 = 0 as the reference model, the constraint will lead the estimated
model towards a model with a smaller norm.
The gradient operators in the second to fourth terms of the objective function in equation (4.19)
belong to the first order Tikhonov, which is called flatness constraint as well. This operator smears
the model in the direction of the derivative, resulting in a less concentrated model. The flatness
operator matrices are formed using the finite difference numerical method. These matrices have
the following form depending upon the specific sorting of the model parameters:
−1 1
0
0 −1 1
0
0 −1
0
0
0
𝜕
=
⋮
𝜕𝑧
0
[

0
0
1
−1

⋯

0

⋮
−1 1
0 0
⋯ 0 −1 1 0
0
0 −1 1
0
0
0 0][𝑚

(4.20)

⋱
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𝑚]

−1 𝑂𝑥 1
0
0 −1 𝑂𝑥 1 ⋯
0
0 −1 𝑂𝑥
0
0
0 −1
𝜕
=
⋮
⋱
𝜕𝑥
0

⋯

[
−1
0
0
0

𝜕
=
𝜕𝑦

𝑂𝑦
−1
0
0

1
0
𝑂𝑦
1
⋯
−1 𝑂𝑦
0 −1
⋮
⋱
0

⋯

[

0
⋮
−1 𝑂𝑥 1
0 −1 𝑂𝑥
0
0
0
0
0
0

0
1
0
0][𝑚

(4.21)

𝑚]

0
⋮
−1 𝑂𝑦 1
𝑂𝑦
0 −1
0
0
0
0
0
0

0
1
0
0][𝑚

(4.22)

𝑚]

where m is the number of model parameters. In these 𝑚 × 𝑚 matrices, 𝑂𝑥 is a 1 × 𝑛𝑧 and 𝑂𝑦 is a
1 × 𝑛𝑧 . 𝑛𝑥 zero submatrix. If there are information about the extension of the target body in a
specific direction, the coefficient value related to that direction can be increased in order to have a
more realistic estimation. In the cases that no information is available, or the body has been
extended equally in all directions, the terms corresponding to the flatness constraint in the objective
function in equation (4.19) can be combined, and one coefficient is assigned for the combination
form. The equation is then simplified as:
𝜙𝑚 = 𝜙𝑚𝑠 + 𝜙𝑚𝑓
= (𝑚𝑝𝑟𝑒𝑑 − 𝑚𝑟𝑒𝑓 )𝑇 (𝑊𝑆𝑇 𝑊𝑆 + 𝑊𝑋𝑇 𝑊𝑋 + 𝑊𝑌𝑇 𝑊𝑌 + 𝑊𝑍𝑇 𝑊𝑍 )(𝑚𝑝𝑟𝑒𝑑 − 𝑚𝑟𝑒𝑓 )𝑇
= (𝑚𝑝𝑟𝑒𝑑 − 𝑚𝑟𝑒𝑓 )𝑇 𝑊𝑚𝑇 𝑊𝑚 (𝑚𝑝𝑟𝑒𝑑 − 𝑚𝑟𝑒𝑓 )𝑇

(4.23)

where 𝜙𝑚𝑠 and 𝜙𝑚𝑓 are the terms in the equation related to smallness and flatness regularization,
respectively. 𝑊𝑆 , 𝑊𝑋 , 𝑊𝑌 , and 𝑊𝑍 are calculated as described previously, and all of the terms are
then added after each weighting matrix is formed separately.
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𝑑 𝑝𝑟𝑒𝑑 in equation (4.17) is defined as 𝑑 𝑝𝑟𝑒𝑑 = 𝐴. 𝑚𝑝𝑟𝑒𝑑 in which 𝐴 is the forward modelling
operator relating the observations, such as gravity or ground deformation, to the model parameters,
such as density or volumetric changes. Eventually, the inversion problem is defined as the
minimization of a measure of data and the model misfits, which is represented by:
2

𝜙 = 𝜙𝑑 + 𝛼𝜙𝑚 = ‖𝑊𝑑 (𝐴. 𝑚𝑝𝑟𝑒𝑑 − 𝑑 𝑜𝑏𝑠 )‖22 +𝛼‖𝑊𝑚 (𝑚𝑝𝑟𝑒𝑑 − 𝑚𝑟𝑒𝑓 )‖2

(4.24)

where 𝛼 is the Tikhonov trade-off parameter. This factor is adjusted during the inversion so that a
regularized optimal model with an acceptable misfit is achieved. Several linear and nonlinear
methodologies are available for minimization of the objective function stated in equation (4.24).
As the gravity and ground deformation inverse problems are linear with respect to density and
volumetric change parameters, least-squares is adopted as the optimization technique in this study.
By differentiation of the objective function with respect to the model parameters, the solution is
found by solving:
−1

𝑚𝑝𝑟𝑒𝑑 = (𝐴𝑇 𝑊𝑑𝑇 𝑊𝑑 𝐴 + 𝛼𝑊𝑚 𝑇 𝑊𝑚 ) . (𝐴𝑇 𝑊𝑑𝑇 𝑊𝑑 𝑑 𝑜𝑏𝑠 + 𝛼𝑊𝑚𝑇 𝑊𝑚 𝑚𝑟𝑒𝑓 )

(4.25)

In practice, Tikhonov optimization is applied using a range of 𝛼 values. The solutions form an Lcurve plot and then an 𝛼 is selected that satisfies both the data fidelity and the smallness or flatness
of model. The L-curve plot is formed by plotting the logarithmic data misfit norm versus the
logarithmic model norm for different values of 𝛼 (Figure 4.18). Small values of 𝛼 on the right
hand side of the L-curve correspond to the estimations with very small misfit errors; however, the
noise in the data leads to very complicated models which are sometimes far removed from reality.
By moving towards the larger values of 𝛼 on the left, we encounter estimations that are simple or
flat models with less detail, which nonetheless recover the overall shape of the model more
confidently. In this case, the influence of noise on the estimated model is minimized. It is usually
preferable to pick the regularization parameter 𝛼 at the corner of the L-curve, where a slightly
simple or flat model is achieved along with an acceptable misfit error.
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Figure 4.18: Schematic plot of L-curve (Oldenburg and Pratt, 2007)
4.5.3 Optimal parameter selection in Tikhonov regularization
A few automated methods are capable of discovering the optimal point on the L-curve rather than
a manual procedure. A measure of the curvature of the L-curve can define very effective criteria
for finding the corner of the L-curve that is associated with the optimal regularization parameter
(Hansen, 1992). To begin with, 𝜂𝛼 and 𝜌𝛼 are defined as:
𝜂𝛼 = ‖𝑊𝑚 𝑚𝛼 ‖2

(4.26)

𝜌𝛼 = ‖𝐴𝑚𝛼 − 𝑑 𝑜𝑏𝑠 ‖2

(4.27)

𝜂̂ 𝛼 = log 𝜂𝛼

(4.28)

𝜌̂𝛼 = log 𝜌𝛼

(4.29)

And 𝜂̂ and 𝜌̂ as:

The L-curve plot is then generated by plotting 𝜂̂ /2 versus 𝜌̂/2 for a range of regularization
parameters 𝛼. If 𝜂̂ ′ and 𝜌̂′ represent the first derivatives of the 𝜂̂ and 𝜌̂ respectively, the curvature
of the L-curve as the function of 𝛼 is followed by (Hansen, 2000):
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𝜂𝛼 𝜌𝛼 𝛼𝜂𝛼′ 𝜌𝛼 + 𝜂𝛼 𝜌𝛼 + 𝛼 2 𝜂𝛼 𝜂𝛼′
𝜅𝛼 = 2 ′
3
𝜂𝛼
(𝛼 2 𝜂𝛼2 + 𝜌𝛼2 ) ⁄2

(4.30)

The optimization parameter is then achieved as the 𝛼 associated with the maximum value of the
curvature. It should be mentioned that this relationship is valid for both concave and convex Lcurves (Hansen, 2000). Another successful technique to deal with optimal point selection is called
Generalized Cross Validation (GCV). GCV tries to estimate a model that predicts an observation
value that has been exempted in the inverse modelling, with reasonable accuracy. Golub et al.
(1979) introduced GCV by:
𝐺𝐶𝑉(𝛼) =

‖(𝐼 − 𝐴(𝐴𝑇 𝐴 + 𝛼𝐼)−1 𝐴)𝑑 𝑜𝑏𝑠 ‖2
[𝑡𝑟𝑎𝑐𝑒(𝐼 − 𝐴(𝐴𝑇 𝐴 + 𝛼𝐼)−1 𝐴𝑇 )]2

(4.31)

In this relationship, 𝐴 represents the kernel matrix of the inverse problem, and 𝑑 𝑜𝑏𝑠 is the observed
data set vector while 𝛼 is the regularization parameter. GCV is calculated using a range of 𝛼 values.
The 𝛼 associated with the smallest calculated GCV defines the optimum value for the Tikhonov
regularization. It is known that GCV performance is enhanced in the presence of substantial noise
in the observations (Haber, 1997). A small level of noise provides a flat curve with no obvious
minimum, while the minimum is sharp at higher noise levels. Hence, micro-gravity as a technique
with low resolution, which suffers from reduced accuracy due to the influences of environmental
interferences, can take advantage of GCV as a better option.
4.6 Joint inverse modelling formulation of gravity and ground deformation data
Joint inversion of gravity and ground deformation measurements over the geological CO2 storages
is only feasible in case studies in which both gravity and surface ground deformation signals are
large enough to be detected. The geological reservoirs are divided to two major groups of confined
and unconfined reservoirs. Unconfined reservoirs show negative gravity and minimal ground
deformation signal. In this case, joint inversion is not obviously applicable. In other cases,
including the confined reservoirs, we encounter positive gravity and ground deformation signals
that are large enough for interpretation and modelling. Therefore, joint inversions can be employed
in the confined reservoir modelling to decrease the ambiguity and provide more accurate
identification of subsurface CO2 redistribution.
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Geophysical inverse problems, particularly in potential field modelling, suffer from ambiguity in
the solutions. Numerous entirely different models may lead to data satisfaction with very low
misfit errors. To overcome such problem, it is necessary to add more information into the problem
based upon actual information about the structure, geology, or other subsurface properties, as
constraints and stabilizers. An increase in the number of observation points has the same influence,
as in the underdetermined problems, the non-uniqueness is mitigated by inserting more
observations into the inversion problem. Joint inversions deploy two or more data sets with
different natures; however, they have yet to be correlated. Consider 𝑑1 and 𝑑2 as two types of data
sets obtained as the result of changes in the model properties of 𝑚1 and 𝑚2 , respectively. The
model parameters are related to data sets by 𝐴1 [𝑚1 ] = 𝑑1 , and 𝐴2 [𝑚2 ] = 𝑑2 . Joint inversion
modelling often inverts both data sets simultaneously to infer two types of subsurface properties
as the model parameters, provided that the structure of both distributions are similar with an
acceptable misfit. One of the well-developed techniques implemented by Haber and Oldenburg
(1997) introduces a structure operator, which is inserted into the inversion by a semi-norm that
measures the structure difference between the two predicted models of 𝑚1𝑝𝑟𝑒𝑑 and 𝑚2𝑝𝑟𝑒𝑑 as
follows:
𝜙𝑐 = ∫ (𝑆𝑡[𝑚1𝑝𝑟𝑒𝑑 ]−𝑆𝑡[𝑚2𝑝𝑟𝑒𝑑 ])2 𝑑𝑉

(4.32)

𝐷

where 𝑆𝑡 is the structure function. The inverse problem then leads to minimization of 𝜙𝑐 subject
to the minimization of:
2

𝜙𝑑 = ‖𝐴1 [𝑚1𝑝𝑟𝑒𝑑 ] − 𝑑1𝑜𝑏𝑠 ‖ + ‖𝐴2 [𝑚2𝑝𝑟𝑒𝑑 ] − 𝑑2𝑜𝑏𝑠 ‖

2

(4.33)

The solution is then defined by introducing an 𝛼𝜇 factor that governs the trade-off between model
resemblance and the data misfit:
𝜙𝑇 = 𝜙𝑐 + 𝛼𝜇 𝜙𝑑

(4.34)

Studies involving gravity and ground deformation monitoring over geological storages have not
been subject to such joint modelling methodology due to the complicated correlation between the
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density changes and the pressure or volume changes. The most recent joint study has been
presented by Camacho et al. (2011), in which ground deformation and gravity measurements have
been inverted simultaneously to infer both density and pressure changes in a volcanic system.
The approach presented in the present study differs from those presented by Haber and Oldenburg
(1997) and Camacho et al. (2011). First of all, as it was explained previously (see section 4.2),
positive correlation between observed gravity and ground deformation in confined reservoirs
provides a situation in which gravity and ground deformation can be employed in a joint modelling
to infer the distribution of the injected CO2 inside the reservoir. Secondly, fractional volumetric
changes are used instead of pressure variations as the model parameter.
Geological CO2 storage modelling would become so much simpler, and the ambiguity level of the
inverse problem would be decreased dramatically, if a relationship like Δ𝜌 = 𝑅(Δ𝑣) could have
been developed, in order to relate the fractional volumetric changes to the density changes in the
geological CO2 reservoir. In this case, the only model parameter would be Δ𝑣 and the simultaneous
inversion of gravity and ground deformation observations could be changed to a joint inversion,
which creates a more desirable situation in which ground surface deformation will support the
gravity measurements as a constraint. In the present study, we define the ground deformation and
gravity joint inversion problem with a general form as follows:
𝑑𝑔 = 𝐺. 𝑑𝜌 + 𝐹𝑑𝑧
𝑑𝑧 = Γ. Δ𝑣

(4.35)
(4.36)

where the gravity variation 𝑑𝑔 consists of two terms: 𝐺. 𝑑𝜌 is related to gravity change due to
density change 𝑑𝜌 associated only with the mass balance changes inside the reservoir; and 𝐹𝑑𝑧
represents the free-air gravity change due to the vertical ground displacement of 𝑑𝑧. The vertical
ground displacement, 𝑑𝑧, is in turn related to the fractional volumetric changes Δ𝑣 via the Γ. Δ𝑣
term in equation (4.36). Hence, 𝑑𝑧 in the second term of equation (4.35) can be replaced by Γ. Δ𝑣
from equation (4.36), which yields:
𝑑𝑔 = 𝐺. 𝑑𝜌 + 𝐹Γ. Δ𝑣
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(4.37)

𝑑𝜌 in equation (4.37) is the density change in each subsurface block as the result of the fluid
injection. These changes originate from the variations in the solid rocks, ambient fluid such as
brine, and the mass balance due to CO2 injection. It is assumed that the rock densities remain
unchanged. In addition, as explained in section 4.2, the brine is assumed to be immobile in the
confined reservoirs. The change in the density of the brine is also proved to be negligible (Harris
et al., 2007). The only change in density is therefore related to the injected CO2. Hence, 𝑑𝜌 in
equation (4.37) is expressed by volume and mass differential changes corresponding to the
injected CO2 as follows:
𝑑𝜌 =

𝑑𝑚
𝑑𝑉
−𝑚 2
𝑉
𝑉

(4.38)

The vertical deformation of geological CO2 reservoirs is usually very small, comparing to their
depth. We can therefore neglect the effect of reservoir displacement on the gravity signal, and
consider a CO2 mass distribution in a fixed discretized subsurface (Figure 4.17). In this case, the
second term in (4.38) is approximately equal to zero. In addition, since in the confined geological
storages the injected CO2 fills the increased porosity ∆𝑉𝑟 , 𝑑𝑚 can be defined as:
𝑑𝑚 = 𝜌𝐶𝑂2 . ∆𝑉𝑟

(4.39)

By substituting (4.39) into (4.38), and eliminating the second term in (4.38), the differential
equation defining 𝑑𝜌 yields:
𝑑𝜌 =

𝜌𝐶𝑂2 . ∆𝑉𝑟
𝑉

(4.40)

Δ𝑉𝑟⁄
𝑉 appeared in the equation
(4.40). Therefore, substitution of this definition into the equation (4.40) yields:
The fractional volumetric change, Δ𝑣, which is defined as ∆𝑣 =

𝑑𝜌 = 𝜌𝐶𝑂2 . ∆𝑣

(4.41)

Equation (4.41) is the key equation in joint gravity and ground deformation modelling, presented
for the first time in the present study, as it relates the density change to the fractional volumetric
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change, linearly. Inclusion of (4.39) into equation (4.37) yields a system of equations which is
linear with respect to the fractional volumetric change ∆𝑣:
𝑑𝑔 = 𝐺. 𝜌𝐶𝑂2 . ∆𝑣 + 𝐹Γ. Δ𝑣
𝑑𝑧 = Γ. Δ𝑣

(4.42)
(4.43)

A linear relationship between gravity variations and fractional volumetric changes leads to
simplification of the joint inversion into a linear inversion, in which a fractional volumetric change
distribution is sought to satisfy both gravity and ground deformation observations. The structure
of the gravimetric and geodetic forward modelling formulation is then given by:
[

𝑑𝑔
𝜌 𝐺 + 𝐹Γ
] = [ 𝐶𝑂2
] × Δ𝑣
Γ
𝑑𝑧

(4.44)

This system can be solved using the linear inversion methodology presented in the section 4.5.
Tikhonov regularization can still be useful in finding a simpler and/or smoother model; however,
the ambiguity of the inversion has been decreased significantly by combining the two data sets. In
particular, ground deformation maps from geodetic techniques with high spatial resolution, such
as InSAR, can convert the problem into an overdetermined problem (an inverse problem with more
observations than the model parameters). The developed joint inversion methodology in the
present study will be examined using synthetic data, and the results will be presented in the chapter
seven.
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Chapter Five: iGrav superconducting gravimeter data acquisition and processing results
5.1 iGrav SG installation, calibration and data processing
Detecting subtle gravity signals associated with fluid injection into geological storages, such as
CO2 injection into brine content formations, needs special instrumentation, survey design, and
highly accurate data processing. In addition, to be prepared for field measurements, lab
experiments and simulations are required in order to determine accuracies, limitations, and
opportunities.
Spring type gravimeters, the most widespread gravimeters in field operations, have made
significant contributions to geological CO2 storage monitoring, despite their low resolution and
high drift. These limitations can be overcome by deployment of two state-of-the-art gravity
instruments, the iGrav superconducting gravimeter and the A10 absolute gravimeter. These
gravimeters have shown remarkable performance in many gravimetric investigations. In this study,
the iGrav is suggested for providing accurate reference stations to connect spatial gravimetric
surveys over the geological CO2 storages, while the A10 can be employed alongside the spring
gravimeters, in order to provide spatial measurements. The iGrav as a transportable instrument has
not been used to acquire spatial measurements in field applications. We examine the portability of
the iGrav001 in this study for the first time, in order to specify the advantages and limitations of
superconducting gravimeters in the spatial gravimetric surveys.
Canada’s first iGrav SG was installed in a quiet indoor environment at the University of Calgary
in October 2011, located at -114.13248° longitude, 51.07982° latitude, and 1112 m altitude from
the mean sea level. The iGrav001 collected six months of continuous gravity measurements until
July 2012, at which time it was moved to the Pacific Geoscience Centre (PGC) in Sidney,
Vancouver Island. The iGrav’s base plate was located on a plastic surface without anchoring.
Nonetheless, the high frequency noise due to floor surface vibration was not found to interfere
significantly. The compressor was also located in another room to minimize the vibration of the
floor’s surface. The iGrav’s quality observations are available at 1 Hz frequency in the 31st October
2011 to 1st May 2012 time period, after the instrument stabilized in the lab environment. In May
and June 2012, iGrav portability experiments were also conducted in the lab. Collected gravity
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observations in the first six months were processed in order to examine the data stability and
quality. In particular, it is important to define the calibration factor and the feasible accuracy in
environmental effects reduction for the gravity signal.
An A10 absolute gravimeter was also present in the lab for side-by-side measurements and
calibration purposes. Continuous measurements using the A10 were collected in the time period
from 31st January to 3rd February, just 0.5 m away from the iGrav, with 10760 drops every 10
seconds. The described methodology in section 3.4.3.1 determines a calibration factor of -91.831
± 1.55 µGal/V (Kao et al., 2014) for the iGrav’s measurements (Figure 5.1). In the regression for
fitting absolute gravity measurements to the iGrav’s voltage signal, a 3𝜎 threshold was used to
eliminate the outliers in iGrav recording. After calibration, the high frequency residual absolute
gravity exhibits normal distribution, which implies an accurate calibration factor (Kao et al., 2014).

Figure 5.1: Calibration of raw measurements of iGrav in Volts (red) with A10 absolute
gravity signal (blue) in the time period from January 31st to February 3rd , 2012 (Kao et al.,
2014).
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The TSOFT software (Van Camp and Vauterin, 2005), provided by the International Centre for
Earth Tides, was the main tool for gravity data processing in the current research. TSOFT was
deployed to resample iGrav’s recording to 1 minute period data. The resampling was accompanied
by a least-squares low-pass filtering in order to avoid aliasing in the data due to the reduction of
sample rate. The cut-off frequency was selected to be 720 cycle per day (cpd); and then, a window
size of 480 points was deployed as the filter width to eliminate high frequency noise from the
signal. The raw gravity signal from six months measurements of iGrav001 at the University of
Calgary is shown in Figure 5.2.

Figure 5.2: One minute resampled measurements of iGrav001 after calibration, collected at
the University of Calgary from 31st October 2011 to 1st May 2012
The iGrav’s raw gravity signal encompasses the signature of human activities as well as the natural
environmental effects, such as Earth tides, ocean loading, atmosphere pressure, polar motion,
hydrology, seismic events, etc. These effects are usually modeled and removed from the gravity
signal by independent measurements and modelling techniques (see section 3.5). On the other
hand, human interferences and instrument failures are represented by gaps, spikes, or steps in the
gravity signal. These effects can be eliminated automatically by available routines in the TSOFT
or ETERNA software.
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Table 5.1: Tidal components calculated by ETERNA using HW95 model derived from 6
months measurements of iGrav001 in the gravity lab at the University of Calgary (Kao et
al., 2014)
constituent

Frequency from

Frequency to

Amplitude factor

Phase (degree)

(µGal)
𝑀𝑀

0.020885

0.054747

1.27784 ± 0.31655

2.083 ± 13.799

𝑀𝐹

0.054748

0.091348

1.10060 ± 0.09256

-0.300 ± 4.806

𝑀𝑇𝑀

0.091349

0.501369

1.32293 ± 0.32508

-18.208 ± 13.934

𝑄1

0.50137

0.91139

1.12385 ± 0.00679

1.574 ± 0.347

𝑂1

0.911391

0.947991

1.13335 ± 0.00127

1.345 ± 0.064

𝑀1

0.947992

0.981854

1.13044 ± 0.01323

1.533 ± 0.671

𝑃1

0.981855

0.998631

1.13991 ± 0.00771

1.782 ± 0.388

𝑆1

0.998632

1.001369

0.95097 ± 1.03885

42.685 ± 62.562

𝐾1

1.00137

1.004107

1.12603 ± 0.00737

1.130 ± 0.373

𝜓1

1.004108

1.006845

1.60123 ± 0.71633

35.447 ± 25.820

𝜙1

1.006846

1.023622

1.36233 ± 0.17348

2.242 ± 7.341

𝐽1

1.023623

1.057485

1.17033 ± 0.01748

0.561 ± 0.856

𝑂𝑂1

1.057486

1.470243

1.18121 ± 0.03061

1.177 ± 1.484

2𝑁2

1.470244

1.880264

1.08948 ± 0.01043

-1.253 ± 0.548

𝑁2

1.880265

1.914128

1.07353 ± 0.00209

0.265 ± 0.112

𝑀2

1.914129

1.950419

1.08399 ± 0.00037

1.648 ± 0.020

𝐿2

1.95042

1.984282

1.09318 ± 0.00853

1.511 ± 0.447

𝑆2

1.984283

2.002736

1.12427 ± 0.00079

1.835 ± 0.040

𝐾2

2.002737

2.451943

1.12211 ± 0.00317

1.512 ± 0.162

𝑀3 𝑀6

2.451944

7

1.01218 ± 0.01984

0.125 ± 1.123

The first step in environmental gravity corrections is the tide analysis. The amplitude factors and
phases of the tidal components are derived from the HW95 tidal catalogue (Hartmann and Wenzel,
1995) provided by the ETERNA software. ETERNA can utilize iGrav’s measurements in
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calculating the tidal component parameters that lead to inclusion of a few other tide-related
periodic signals associated with atmospheric pressure or hydrology effects. The amplitude factors
and the phases, along with their errors, calculated by the ETERNA software are summarized in
Table 5.1. The phases are considered as the phase differences from the equilibrium Earth tide,
whose amplitudes change with the astronomical argument of each tidal constituent (Kao et al.,
2014). The errors are large in the determination of a few phase components corresponding with
long period waves such as 𝑆1 and 𝜓1 . This is anticipated, since the iGrav’s observations have been
collected in a six-month period. In this short time span, the long period effects are not observed in
a full cycle and thus, they are determined inaccurately.
The power spectral density of the iGrav gravity signal is shown in Figure 5.3. The spectrum
indicates that the four largest tidal component amplitudes belong to 𝑂1 (34.44 µGal), 𝐾1 (48.10
µGal), 𝑀2 (32.17 µGal), and 𝑆2 (15.52 µGal). The HW95 tidal model (Hartmann and Wenzel,
1995) demonstrates the best performance in removing almost all of the tidal components except a
semi-annual component, which has not been considered in this model. By comparing the HW95
tidal model to the WDD tidal model (Dehant et al., 1999), the tidal model was modified by adding
a semi-annual tidal parameter with an amplitude factor of 1.27800 and zero phase shift.
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Figure 5.3: Power spectral density of six months measurements of the iGrav001 at the
University of Calgary from 31st October 2011 to 1st May 2012
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Ocean loading parameters can be calculated theoretically using several models and methodologies
(http://holt.oso.chalmers.se/loading/). These components can then be used to calculate the ocean
loading gravity effect according to methodology described in section 3.5.2. Nonetheless, in
absence of real observations near the survey site, these models are not accurate and may introduce
more error in the signal. Hence, we filter the signals associated with the ocean loading constituents
rather than correcting the effect using the amplitude and phases predicted by available models.
We divide the gravity residual to 6 segments and analyze the ocean loading effect on each segment
separately (Pagiatakis et al., 2007). In the present study, the Least-squares fitting technique is
adopted to derive the gravity signal related to eight constituents shown in Table 5.2, which have
significant contribution to the ocean loading effect. These sinusoidal waves are then subtracted
from the gravity signal. The power spectral density of the residual gravity signal before and after
ocean loading correction is shown in Figure 5.4.
Table 5.2: Frequencies of significant ocean loading constituents
constituent

Q1

O1

P1

K1

N2

M2

S2

K2

Frequency (cpd)

0.8932

0.9295

0.9973

1.0027

1.8960

1.9323

2.0000

2.0055

10
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Figure 5.4: Power spectral density of residual gravity before (blue) and after (red) ocean
loading correction
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The polar motion gravity effect was calculated using the 𝑚1𝑝𝑜𝑙𝑎𝑟 and 𝑚2𝑝𝑜𝑙𝑎𝑟 coefficients available
at the International Earth Rotation Service (IERS) database. A gravity signal with almost 3 µGal
peak to peak amplitude was modeled using equation (3.23). The outcome polar motion gravity
signal is shown in Figure 5.5. The Earth tide and polar motion effects are modeled with almost
negligible errors; nonetheless, 0.1 µGal uncertainty is considered in these calculations (Kim et al.,
2015).
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Figure 5.5: Gravity signal due to the polar motion effect at the University of Calgary from
31st October 2011 to 1st May 2012
Atmospheric attraction and loading effects on gravity signal are reduced in the iGrav’s signal using
the admittance factor presented in section 3.5.3. The pressure observations were recorded at 1 Hz
frequency by a barometer attached to the iGrav, providing a very accurate source of local
atmospheric pressure changes. Air pressure has a negative effect on the gravity; therefore, we add
this effect to the signal to compensate the signal loss. The air pressure gravity signal using an
admittance function of 0.3 µGal/hPa is shown in Figure 5.6. As it can be seen, the total gravity
change caused by air pressure variations reaches ~14 µGal peak to peak, with an average of 265
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µGal. The uncertainty in calculation of atmospheric pressure gravity effect is 0.05 µGal (Kim et
al., 2015).
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Figure 5.6: Gravity signal due to air pressure variations using an admittance factor of 0.3
µGal/hPa modeled from air pressure measurements at the University of Calgary from 31st
October 2011 to 1st May 2012
The next step in the iGrav’s data processing is handling the spikes, steps, and gaps in the gravity
signal. Ground surface vibrations due to natural seismic events such as earthquakes or human
activities have large impacts on the gravity signal. These effects were magnified in our
measurements because the iGrav001 was not anchored to a concrete pillar. Along with the
temporary signal disturbances that are eliminated after the cause of the effect is removed, the
gravity signal encounters a permanent effect as an offset in the signal after each interfering event.
The reason has been attributed to the irregular magnetic field caused by irregularities in the
structure of superconducting components of the sensor. Once the sensor’s sphere has moved out
of the equilibrium position due to disturbances, it does not return to the exact same position with
the same voltage response. This is sensed as a sudden change in the gravity and is illustrated as a
step in the gravity signal. Seismic waves of an earthquake occurring hundreds of miles away from
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the data acquisition site are still detectable in the gravity signal as large spikes with oscillations
that may last from a few minutes to several hours. As an example, the iGrav001 installed at the
University of Calgary sensed the earthquake on 12th April 2012 with a magnitude of 6.9 Richter
located within the Gulf of California. Such disturbing events are detectable from several
complementary records of iGrav, such as tiltX and tiltY (Figure 5.7). By inspection and
comparison of the signal amplitudes of the spikes in the tiltX and tiltY signals, the affected parts
of the gravity signal can be identified and treated accordingly.

Figure 5.7: TiltX and tiltY records of iGrav installed at the University of Calgary from 31st
October 2011 to 1st May 2012
In addition, the gaps in the signal due to instrumental failure or the spike removals are filled with
linear or cubic interpolation. Artificial steps in the signal are detectable once the residual gravity
is formed, and they can be treated automatically or manually by shifting the other segment of the
step upward or downward completely. A list of steps in the gravity signal along with their values
and the causes is presented in Table 5.3.
The residual gravity after correction of all the environmental and human made effects, except for
the hydrological effects, is shown in Figure 5.8. This residual signal still includes an unknown
instrumental drift and a possible ground deformation effect as well. Hydrological effects on gravity
are mainly associated with soil moisture and ground water level variations. Although precipitation
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rate and groundwater level observations are available at stations just a few kilometers away from
the University of Calgary, soil moisture measurements were not found anywhere near the site.
Table 5.3: Gravity steps in the iGrav’s measurements at the University of Calgary from
31st October 2011 to 1st May 2012
Event date

Step magnitude

Cause of the event

(μGal)
November 15, 2011

1.5

Unknown human activity

November 21, 2011

-2.7

Unknown human activity

November 22, 2011

-0.6

Unknown human activity

November 23, 2011

-0.8

Unknown human activity

January 2, 2012

1.8

Unknown human activity

January 18, 2012

2.9

Unknown human activity

January 23, 2012

3.3

Unknown human activity

January 27, 2012

-4.8

Unknown human activity

January 31, 2012

3.2

Unknown human activity

February 1, 2012

-2.4

Unknown human activity

February 13, 2012

1.1

Unknown human activity

February 16, 2012

1.7

Unknown human activity

February 21, 2012

-2.7

Unknown human activity

February 26, 2012

1.9

Unknown human activity

March 2, 2012

0.4

Unknown human activity

March 5, 2012

-3.7

Unknown human activity

March 8, 2012

13.3

Compressor shutdown and moving the iGrav

March 20, 2012

-0.11

Earthquake; Location: 16.662°N, 98.188°W; depth: 20 km

March 22, 2012

0.6

Unknown human activity

April 5, 2012

9.9

Unknown human activity

April 10, 2012

-1.7

Compressor shutdown and doing tilting experiments

April 12, 2012

-6.9

Earthquake; Location: 28.79°N, 13.142°W; depth: 10.3 km

April 18, 2012

-2.9

Compressor shutdown and lifting iGrav up on a lifting table

April 23, 2012

-1.5

Maintenance of the Helium gas cylinder

April 25, 2012

3.3

Moving some objects near the iGrav

103

Figure 5.8: Residual gravity signal and its linear trend after correction of Earth tide,
atmosphere effect, and Polar motion
Crossfield
station

37 km

Calgary
Airport
5 km
U of C
Cop Upper
station

Figure 5.9: Location of the University of Calgary along with the locations of the Cop Upper
station for precipitation and the Crossfield station for groundwater observations
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Precipitation observations are available online through the Alberta agriculture and forestry website
(http://agriculture.alberta.ca/acis/alberta-weather-data-viewer.jsp). Among all of the nearby
stations, the Cop Upper station located 5 km away from the University of Calgary (see Figure 5.9
for the exact location of the station) provides accurate daily precipitation and accumulated
precipitation records. Figure 5.10 illustrates six months precipitation (green color columns) and
accumulated precipitation (red color curve) measurements from 31st October 2011 to 1st May 2012
at the Cop Upper station.
Groundwater level measurements have been obtained from the Alberta environment and Parks
website (http://www.environment.alberta.ca/apps/GOWN/) at the Crossfield station 37 km away
from the University of Calgary. Six months groundwater measurements from 31st October 2011 to
1st May 2012 at the Crossfield station are shown in Figure 5.10 as well (blue color curve).
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Figure 5.10: Groundwater level at Crossfield station (solid blue curve), daily precipitation
(green columns), and accumulated precipitation (dashed red curve) at Cop Upper station
from 31st October 2011 to 1st May 2012

105

The soil moisture effect should be divided into two segments, above and beneath the instrument
level, as the iGrav had been located at a lab ~3 m beneath the ground surface. The portion of soil
moisture that is above the iGrav level has an attraction effect in the opposite direction to the
attraction of the ground water and the soil moisture beneath the iGrav. This situation creates a
complicated hydrological regime. Because of the described difficulties, the soil moisture effect
was not removed from the gravity signal; however, the residual gravity was analyzed and
compared with accumulated precipitation and groundwater level variations.
By using a Bouguer slab model presented by equation (3.20), and considering 20% porosity for
the underground aquifers, the gravity effect of the groundwater changes is calculated (red color
curve in Figure 5.11). Although the signal trend sign is in agreement with that of the residual
gravity signal trend (blue color curve in Figure 5.11), and there is a good correlation between both
signals (~0.5 correlation coefficient), the very low gravity strength of the groundwater gravity
signal does not satisfy the changes in the residual gravity.
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Figure 5.11: Gravity effect of ground water changes from six months of measurements at
the Crossfield station (dashed red curve), and the residual gravity signal (solid blue curve)
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The power spectral densities of the residual gravity and the groundwater changes are shown in
Figure 5.12. The groundwater signal has less strength at the long wavelengths as expected. The
magnitude of squared coherence between residual gravity and groundwater signals, along with
their phase lag, are shown in Figures 5.13. A high correlation can be seen in all of the frequencies
from the spectral coherence plot, and a variable phase lag is detected between the groundwater
signal and the residual gravity signal at almost all of the frequencies, except for the long
wavelengths.
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Figure 5.12: Power spectral density of the residual gravity (left), and power spectral
density of the groundwater variations (right)
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Figure 5.13: Magnitude of squared coherence between residual gravity and groundwater
signals (left), and phase lag between residual gravity and groundwater signals (right)
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The precipitation measurements collected at Cop Upper station just ~5 km away from the
University of Calgary can provide a more realistic measure of the hydrological changes around the
gravity measuring site. There is a remarkable correlation (~0.82 correlation coefficient) between
the positive trend in the accumulated precipitation and the increase in residual gravity. In the
present study, we use a 0.42 µGal/cm admittance factor (see section 3.5.2) for computing the
gravity change due to accumulated precipitation (Figure 5.14).
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Figure 5.14: Residual gravity (Solid blue curve) versus accumulated precipitation gravity
effect (dashed red curve)
By comparing residual gravity signal and the gravity signal due to accumulated precipitation in
Figure 5.14, a huge part of the residual gravity signal energy is justified. The power spectral density
of the accumulated precipitation signal, as well as the magnitude of squared coherence and the
phase lag between residual gravity and accumulated precipitation signals, are shown in Figures
5.15 and 5.16, respectively. A very high correlation is detected between the residual gravity signal
and the gravity signal due to accumulated precipitation at the long wavelengths; however, the
correlation at the higher frequencies exhibits less strength compared with the correlation between
the groundwater signal and the residual gravity (Figure 5.13 left). The phase lag plot also
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demonstrates no lag at the long wavelengths and a few erratic peaks at higher frequencies. It can
eventually be concluded that the trend in the residual gravity is explained by long-term
hydrological changes (accumulated precipitation curve in the Figure 5.14), and the high frequency
part of the signal might be explained by groundwater changes (Figure 5.11).
1

Magnitude-Squared Coherence

Power spectral density (mm2/Hz)

100
90
80
70
60
50
40
30
0

0.1

0.2
0.3
Frequency (cpd)

0.4

0.8

0.6

0.4

0.2

0
0

0.5

0.1

0.2
0.3
Frequency (cpd)

0.4

0.5

Figure 5.15: Power spectral density of the accumulated precipitation (left), and magnitude
of squared coherence between residual gravity and accumulated precipitation signals
(right)
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Figure 5.16: Phase lag between residual gravity and accumulated precipitation signals
The residual gravity error and its linear trend, after reduction of all known interferences, are shown
in Figure 5.17. The residual error has a negligible trend and a standard deviation of 0.85 µGal.
That is, the drift and the ground deformation have negligible impact on the six months gravity
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recording of the iGrav001. Another possibility can probably be associated with the compensation
of instrumental drift in the gravity measurements by ground deformation or residual hydrological
gravity effects. As the result of an accurate gravimetric data processing, the environmental and all
of the other interfering effects were reduced with the promising accuracy of less than 1 µGal. The
acquired accuracy allows the detection of subtle gravity effect of the injected CO2 in underground
geological storages.
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Figure 5.17: Residual gravity error (solid black) and its linear trend (dotted red), after
reduction of all known interferences
5.2 Gravimetric lab experiments
5.2.1 iGrav horizontal movement experiment on a camera dolly
The iGrav SG was introduced initially as a portable gravimeter for field surveys. Nonetheless, the
stability of the iGrav in spatial surveys had not been examined through independent studies. The
iGrav SG consists of several parts and accessories such as Dewar, Coldhead, helium gas cylinder,
computer, control panel, and compressor, which make the movement of the instrument during
spatial surveys very difficult. In order to examine the stability and understand the repeatability of
the iGrav measurements in spatial gravity surveys, several experiments were designed in the
gravity lab located at the University of Calgary.
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In the first experiment, horizontal movement of the iGrav001 was examined by locating it on a
camera dolly and track system allowing a gentle movement inside a loop. In this experiment, the
compressor was shut down and the iGrav was detached from the helium cylinder. Electronic
accessories and the control panel were located on another cart and moved beside the iGrav as the
cables were short. The iGrav was moved back and forth between two marked points on the rails,
and the gravity signals were recorded for one day after each signal had stabilized. The gravity
signal at each station was compared to the repeated surveys at the same station to illustrate the
repeatability of the measurements after consecutive movements. All the changes in the residual
gravity signal are therefore attributed to the step functions and offsets in the signal due to the
turbulences imposed on the iGrav during movement.

Figure 5.18: iGrav horizontal movement experiment on a camera dolly between two
stations (A) and (B) (Kao et al., 2014)
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After correcting the signal for Earth tides, atmosphere pressure, and polar motion, the residual
gravity values for two measurements at the station (A) were calculated as -475.75 ± 0.69 μGal and
-478.72 ± 1.33 μGal, while the residual gravity values were -489.51 ± 0.62 μGal and -487.10 ±
0.70 μGal at the station (B) (Kao et al., 2014). The results are shown in Figure 5.18.
According to these experiments, a repeatability of 2-3 μGal is achievable based on the horizontal
movement of the iGrav in the lab conditions. A number of hardware limitations, such as the short
length of the cables or tension of the tubes, were identified as potentially serious problems in iGrav
spatial surveys. In one case, tube rotation caused an anomalous signal; however, after tension
removal, the gravity signal reverted back to its normal behavior.
5.2.2 iGrav vertical movement experiment on a lift table
Another experiment was designed and conducted in order to investigate the stability of the iGrav
during vertical movement, as well as for estimating the vertical gravity gradient. A lift table,
capable of lifting 2500 pounds was employed to move the iGrav vertically up to an elevation of
77.5 cm from the floor. The iGrav moved vertically three times and stayed at the new position for
almost one day, during which the signal was allowed to stabilize. After the measuring process was
completed, the iGrav was moved to the same bottom position to acquire another measurement for
comparison purposes. The iGrav was re-leveled at each station, as the difference between the
vertical components of gravity at two levels was needed for gravity gradient determination (Figure
5.19).
The iGrav was lifted on the lift table in the first experiment for 75.1 cm. The gravity gradient was
measure to be -2.66 ± 0.01 μGal/cm during this vertical movement. Residual gravity values for the
two measurements at the bottom were -0.58 ± 0.56 μGal and -4.95 ± 1.03 μGal. The step function
due to the vertical movement of the iGrav during this experiment was 4.37 ± 1.61 μGal. In the
second experiment, the A10 was placed on the lift table just beside the iGrav for calibration of the
iGrav signal. Operation of the A10 involves many drops that cause small momentums on the
platform. Several step functions were detected in the iGrav’s signal associated with the A10’s
operation, which increased the standard error of the measurements. A gravity gradient of -2.65 ±
0.02 μGal/cm was obtained during 67.3 cm vertical movement of the iGrav in the second
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experiment. The initial and secondary residual gravity values at the bottom position were measured
as -0.45 ± 0.41 μGal and -7.36 ± 0.35 μGal, respectively. The difference between the two
measurements was 6.91 ± 76 μGal. The iGrav was lifted 77.1 cm in the third experiment. In this
experiment, the vertical gradient was estimated to be -2.68 ± 0.01 μGal/cm. The residual gravity
values at the bottom position were measured as -0.71 ± 0.58 μGal and 2.66 ± 0.35 μGal. The
gravity error in the last experiment was calculated to be 3.37 ± 0.93 μGal. This value was the best
uncertainty during the vertical movements of the iGrav in the lab experiments. Ignoring the second
experiment, which included a large error due to simultaneous operations of the A10 and the iGrav,
the average vertical gradient and the average gravity uncertainty during the vertical movements of
the iGrav were 2.67 ± 0.01 μGal/cm and 4.16 μGal, respectively.

Figure 5.19: iGrav vertical movement experiment on a lift table between two elevations
(Kao et al., 2014)
The large momentums observed at the time of departure from the initial position, and again upon
arrival at the final destination position, have been identified as major causes of the uncertainty in
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the vertical movement experiments. In addition, the tilt balance of the iGrav is influenced by the
tension caused by the hoses attached to the coldhead. These limitations will be magnified in real
field surveys in which access to the gravimeter is restricted. Regular inspection of the accessories
attached to the iGrav is recommended, in order to reduce the risk of having a large uncertainty due
to the imposed tensions on the iGrav.
5.3 Summary and discussion
Precise instruments and high accuracy data processing methods must be employed to overcome
the inherent low resolution and stability of gravimetry. Several gravity-measuring instruments with
distinct characteristics, and different advantages and disadvantages, are viable candidates to be
employed for temporal and spatial data acquisition in the field. The iGrav superconducting
gravimeter, with extremely low drift, high precision (0.05 µGal in the time domain and 1nGal in
the frequency domain), and portability advantages, was introduced by GWR for gravimetric field
surveys that involve detection of subtle signals. In the current study, we assessed the accuracy of
the iGrav gravity measurements in spatial and temporal surveys, in order to define its contribution
to the monitoring of geological of CO2 reservoirs.
In order to examine the performance, drift, and calibration of the iGrav in stationary gravity
measurements, and to assess whether the accuracy level of the interfering gravity corrections meets
the required micro-gravity accuracy in geological CO2 storage monitoring, an iGrav SG was
installed at University of Calgary for six months of continuous gravity data collection. The iGrav’s
observations were collected at 1 Hz frequency from 31st October 2011 to 1st May 2012. In addition,
continuous side-by-side measurements with an A10 were collected with 10760 drops every 10
seconds from 31st January to 3rd February. By comparing both data sets, a calibration factor of
-91.831 ± 1.55 µGal/V was obtained and applied to the iGrav’s measurements (Kao et al., 2014).
After calibration, the iGrav’s raw gravity signal was processed for reduction of unwanted signals
due to human activities, and natural environmental effects such as Earth tide, ocean loading,
atmospheric pressure, polar motion, hydrology, seismic events, etc. In this research, the Earth tide
model was created with the ETERNA software (Wenzel, 1996b). The Earth tide spectrum
exhibited four dominant tidal component amplitudes belonging to 𝑂1 (34.44 µGal), 𝐾1 (48.10
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µGal), 𝑀2 (32.17 µGal), and 𝑆2 (15.52 µGal). The polar motion effect, with 3 µGal peak to peak
amplitude, was calculated theoretically using IERS models. The Ocean loading correction was
computed and applied to the signal by a Least-squares fitting technique, using eight constituents
which have major contribution to this effect. The atmospheric pressure gravity effect, with ~14
µGal variations, was removed from the raw gravity signal by applying a 0.3 µGal/hPa admittance
factor on the air pressure observations acquired from a sensor attached to the iGrav. In the last
step, before obtaining the residual gravity signal, gaps, spikes, and steps in the gravity signal
caused by human activities or instrument failures were eliminated from the signal by employing
available routines in the TSOFT software (Van Camp and Vauterin, 2005).
The residual gravity signal contained hydrological effects plus instrumental drift. While there was
no soil moisture observations to correct the near surface water content changes, accumulated
precipitation obtained at the Cop Upper station 5 km away from the lab location, and groundwater
level changes collected at the Crossfield station 37 km away from the University of Calgary,
demonstrated high correlations with the residual gravity. The gravity effect of groundwater level
changes was derived from a Bouguer slab model. The gravity signal of the accumulated
precipitation was also converted to the gravity signal by an empirical admittance factor of 0.42
µGal/cm. The final results indicated that the long wavelength residual gravity is mostly in
agreement with the accumulated precipitation gravity signal; however, the high frequencies are
characterized more accurately by groundwater level variations. In the current study, the
accumulated precipitation has been identified as a better source for correction of the gravity signal
for hydrological effects, as it eliminates the trend in the residual gravity, perfectly.
After a complete reduction of the hydrological effects, the instrumental drift of iGrav and the
ground deformation effects were concluded to be negligible. In addition, the soil moisture gravity
effect has been included in the accumulated precipitation gravity effect; or, as the lab has been
located at almost 3 m beneath the surface, the soil moisture gravity effects below and above the
gravimeter, influencing the gravity signal in opposite directions, have cancelled out. Another
possibility is the compensation of instrumental drift by hypothetic ground deformation or residual
hydrological effects due to soil moisture variations. In this study, corrections of the environmental
and human-made effects were accomplished with the promising accuracy of less than 1 µGal
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during stationary temporal measurements. The acquired accuracy allows detection of the subtle
gravity effect of the injected CO2 in geological storages.
According to the horizontal movements of the iGrav SG on a professional camera dolly and track,
supported by adjacent measurements of the Micro-g LaCoste’s A10 absolute gravimeter, in a series
of lab experiments at the University of Calgary, spatial gravity anomaly maps with 2-3 µGal
uncertainty are achievable. Another set of experiments involving a series of measurements of the
iGrav on an electric lift table indicate that the gravity offset during several vertical movements has
an average uncertainty of about ~4 µGal.
There are several drawbacks that impact the portability of the iGrav. First of all, the range of iGrav
measurements is limited to 2 mGal, which corresponds to 10 m elevation change (Kim et al., 2015).
Therefore, gravity changes beyond this value are not sensed and a gravity anomaly between two
points with more than 10 m elevation difference is not detectable accurately. Secondly, several
parts and accessories, such as the helium gas cylinder, computer, control panel, and compressor,
have to be moved alongside the iGrav during spatial surveys, which makes it difficult to perform
surveys in networks with long distances between stations. During the lab experiments, several
instrumental issues, such as short length of the cables or tension of the tubes, were identified to
cause serious problems in the iGrav’s data acquisition. As a result, regular inspection of the
accessories attached to the iGrav is recommended, in order to reduce the risk of large uncertainties
due to imposed tensions on the iGrav.
The third issue arises from the intense momentums imposed on the iGrav during displacements,
which generate substantial offsets in the gravity signal. Normally, these offsets are not
distinguishable from real gravity anomalies. These limitations are magnified in real field surveys,
in which the access to the gravimeter is limited. Therefore, special assemblies, such as the camera
dolly and track, are recommended for overcoming the large shocks imposed on the iGrav during
transportation in the field.
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Chapter Six: Geological CO2 reservoir forward modelling results
6.1 Properties of the default CO2 reservoir model
In order to define the minimum requirements in a geological CO2 reservoir that lead to generating
a detectable gravity signal, gravity forward modelling is performed for a series of CO2 storages
with variable characteristics. The modelling includes both confined and unconfined reservoirs
located at different depths and of different sizes, containing variable CO2 mass amounts with
different densities. In fact, the resultant gravity signal is indirectly dependent on a few other factors
such as porosity, saturation, temperature, and pressure. These factors can define the type of the
reservoir (see section 4.2), and their impact on the gravity is taken into account indirectly, by
applying different modelling approaches for different types of reservoir, e.g., confined or
unconfined reservoirs.
To begin with, a reservoir with specific characteristics is defined as the default synthetic model for
the forward modelling examination in the next sections. The defined model has similar parameters
for both confined and unconfined reservoirs, as follows: the total reservoir dimension is chosen as
a 21 km × 21 km area with a thickness of 20 m. The low thickness does not contradict the reality
because, even if the reservoir extends vertically, large portions of CO2 tend to be stored in the
upper part of the reservoir beneath the sealing cap rock. It is also assumed that the injected CO2
defuses into a 3 km × 3 km area within the whole reservoir. The reservoir has been located at 800
m depth in which 3 Mt CO2 with 0.7 g/cm3 density is stored. The ambient reservoir fluid content
is brine with 1.028 g/cm3 density. Wherever it is needed, the porosity of the reservoir rocks is
considered to be 20% and Poisson’s ratio is assumed to be 𝜈 = 0.25. The defined properties and
characteristics have been selected so as to be very close to the properties and characteristics of the
existing CCS projects. These characteristics (summarized in Table 6.1) will be adjusted to get
different scenarios for gravity modelling in the next sections. By adjusting some of the main
properties; e.g., CO2 mass and density, and reservoir size and depth, the dependency of the gravity
signal on those variables will be investigated. In all of the following reservoir modelling cases, it
is assumed that CO2 is diffused horizontally and symmetrically from the injection well in all
directions.
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Table 6.1: characteristics of the default geological CO2 reservoir
Default Reservoir properties

Default value

Depth (m)

800

Injected CO2 mass (Mt)

3

Porosity (%)

20

Poisson’s ratio

0.25

Thickness (m)

20

CO2 density (g/cm3)

0.700

Brine density (g/cm3)

1.028

Total number of model parameters

21 × 21 × 1

CO2 plume area (km × km)

3×3

6.2 Gravimetric forward modelling of unconfined CO2 reservoirs
As discussed previously, the nature of the negative gravity signal in unconfined reservoirs is
attributed to the replacement of a portion of the reservoir brine content with injected CO2 of lower
density. Moderately unchanged pressures and temperatures inside the unconfined storages before
and after injection also result in negligible ground deformation. The gravity effect of an unconfined
geological CO2 storage with the default properties (as described in section 6.1), versus the distance
from the injection well is shown in Figure 6.1. The negative peak of the signal is generated near
the injection well with a magnitude of ~3.7 μGal. The signal loses almost half of its energy around
1500 m distance from the injection well, near the point located right above the border of the
underground injection area. The magnitude of the signal peak, detected right above the injection
well, is well above the accuracy of currently available gravimeters (1-2 μGal), promising that the
defined CO2 reservoir is a detectable target for gravimetric monitoring.
During the first attempt to investigate the gravity signal response to variable CO2 storage
properties, the effect of different amounts of injected CO2 mass on the gravity signal strength is
examined. The default properties are assumed for the storage and the injected CO2, while the
forward modelling is conducted for 1, 3, 10, and 20 Mt of CO2 mass injections. The results
demonstrate that negative gravity peaks of about -1.2, -3.7, -12.3, and -24.6 μGal are generated,
118

associated with the assumed injected CO2 masses (Figure 6.2 left), which confirms the linear
relationship between the gravity signal and the mass variations as expected from theory.
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Figure 6.1: Gravity signal of 3 Mt CO2 with 0.7 g/cm3 density, injected into an unconfined
geological storage with the default size of 3 km × 3 km area and 20 m thickness, located at
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Figure 6.2: Gravity signals of 1, 3, 10, and 20 Mt CO2 masses with 0.7 g/cm3 density,
injected into an unconfined storage with the default size of 3 km × 3 km area and 20 m
thickness, located at 800 m depth (left), and gravity signals of 3 Mt CO2 with 0.5, 0.6, 0.7,
and 0.8 g/cm3 densities, injected into an unconfined storage with the default size of 3 km × 3
km area and 20 m thickness, located at 800 m depth (right)
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Regardless of the injected CO2 mass amount, the CO2 density impacts the gravity signal as well.
A larger negative gravity signal is expected with lower densities of the injected CO 2 into the
unconfined geological storages. Figure 6.2 (right) includes the gravity forward modelling results
for a default CO2 storage with different CO2 densities of 0.5, 0.6, 0.7, and 0.8 g/cm3 at which
gravity signal peaks of -8.3, -5.6, -3.7, and -2.2 μGal are respectively obtained, directly above the
injection well.
The gravity signal is extremely sensitive to the depth variations of the source mass. The gravity
modelling results of an unconfined CO2 reservoir with the default properties located at variable
depths are shown in the Figure 6.3 (left). Gravity signals calculated at depths of 400, 800, 1200,
and 1800 m yield negative amplitude peaks of -5, -3.7, -2.7, and -1.7 μGal respectively.
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Figure 6.3: Gravity signals of 3 Mt CO2 with 0.7 g/cm3 density, injected into unconfined
storages with the default size of 3 km × 3 km area and 20 m thickness, located at 400, 800,
1200, and 1800 m depths (left), and gravity signals of 3 Mt CO2 with 0.7 g/cm3 density,
injected into unconfined storages with different horizontal areas of 1 × 1, 3 × 3, 5 × 5, and 7
× 7 km and 20 m thickness, located at 800 m depth (right)
One question arises regarding the magnitude attenuation rate of the gravity signal as the depth
increases. Although one might expect a gravity decrease proportional to the squared value of the
depth increase, the gravity dependencies are less in reality. This is mostly due to the horizontal
extension of the reservoir. As the reservoir extension reaches to a point mass approximation, the
dependency of the gravity to the depth variations approaches the inverse squared value of depth.
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For a better understanding about how horizontal extension of the injected CO2 affects the gravity
signal, the gravity effects of several CO2 plumes with default properties and variable horizontal
spreading areas are calculated. The gravity forward modelling is conducted for four storages with
horizontal dimensions of 1 km × 1 km, 3 km × 3 km, 5 km × 5 km, and 7 km × 7 km. The results,
shown in Figure 6.3 (right), predict detectable gravity values of -10.5, -3.7, -1.7, and -1 μGal
respectively, right above the injection well.
It is known that the density of the injected CO2 varies as the depth of storage changes. This occurs
because of the higher temperatures and pressures in deeper reservoirs. A more realistic
approximation for the gravity modelling of a CO2 storage at various depths should take into
account the density changes due to depth changes as well. The geothermal and hydrostatic pressure
gradient model introduced in section 4.1.3 may not always apply to the depth and CO2 density
relationship; however, it is considered to be the most likely scenario in underground formations.
Assuming a geothermal and hydrostatic pressure gradient model for CO2 density changes, the
gravity signal due to CO2 injection into geological storages at variable depths will be updated as
shown in Figure 6.4.
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Figure 6.4: Gravity signals of 3 Mt CO2 with 0.7 g/cm3 density, injected into unconfined
storages with the default size of 3 km × 3 km area and 20 m thickness, located at 400, 800,
1200, and 1800 m depths considering a geothermal and hydrostatic pressure gradient
model for CO2 density at each depth
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The corresponding densities for different depths in this model have been extracted from the model
shown in the Figure 4.6. Based on the pressures and temperatures of the injected CO2 into the
formations located at 400, 800, 1200, and 1800 m depths, a density range of 0.2, 0.55, 0.65, and
0.7 g/cm3 is estimated, respectively. As shown in Figure 6.4, the reservoirs at shallower formations
exhibit extraordinary gravimetric signals with magnitude peaks of -44, -6.8, -3.4, and -1.7 μGal,
respectively. In very shallow reservoirs (less than 800 m), CO2 exists in the gas phase with much
lower density than the supercritical phase. This leads to a large negative density contrast with
respect to the brine density, which in turn results in huge gravity signal magnitudes.
As discussed previously in this chapter, the gravity signal peak is detected right above the injection
well. We are usually interested in estimating the maximum detectable gravity magnitude as a preestimation in gravity surveys. In this case, a more useful gravity modelling can be the estimation
of maximum detectable gravity magnitude by assuming variable injected CO2 masses, at different
depths. The density changes due to depth changes, assigned by the geothermal and hydrostatic
pressure gradient model, can be taken into account in the estimations as well. The results of such
modelling are shown in Figure 6.5, with logarithmic maximum gravity magnitudes on the vertical
axis versus the depth changes on the horizontal axis, while different curves are associated with
variable masses of injected CO2.
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122

6.3 Gravimetric and ground deformation forward modelling of confined CO2 reservoirs
In this section, a forward modelling approach is followed for confined CO2 reservoirs similar to
the methodology that was adopted for unconfined reservoirs. The main differences observed in
confined CO2 reservoirs are associated with the resultant positive ground deformation and positive
gravity signals over the reservoir at the Earth’s surface.
To begin with, the ground deformation and gravity signals of a confined geological CO2 storage
with the default size, depth, injected mass, and properties, defined in section 6.1, are calculated in
a profile, with an origin located directly above the injection well. The gravity signal is calculated
and presented as two quantities of the net gravity changes due to CO2 mass attraction effect only
(Figure 6.6 left), and the integrated gravity effect of the CO2 mass attraction plus the gravity
changes caused by ground deformation (Figure 6.6 right). For calculating the gravity effect of
ground deformation, a free-air gradient of -3.086 μGal/cm is deployed. Figure 6.7 also represents
the calculated ground deformation signal in the same profile over the storage.
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Figure 6.6: Gravity signal (left), and gravity plus ground deformation signal (right)
resulted from 3 Mt CO2 with 0.7 g/cm3 density, injected into a confined storage with the
default size of 3 km × 3 km area and 20 m thickness, located at 800 m depth
Gravimetric and ground deformation forward modelling of a confined CO2 storage with the default
properties lead to a maximum ground deformation of 22.4 cm, and a maximum gravity of 7.9 μGal
due to mass balance changes only, right above the injection well. The combination gravity signal,
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as a result of both CO2 mass attraction and ground deformation, however, generates a negative
amplitude peak of -61.2 μGal. The negative sign and the large amplitude of the overall detectable
gravity originate from the domination of the ground surface displacement effect in the gravimetric
modelling. In addition, considering the fact that the characteristics of the default CO2 storage in
both unconfined and confined simulation modelling are entirely analogous, the strength of the
gravity variations calculated over the confined model is much more than that over the unconfined
model. Both gravity and ground deformation signals calculated over the confined CO2 reservoir
are well above the accuracy of the most gravimeters and ground surface displacement monitoring
techniques.
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Figure 6.7: Ground deformation signal of 3 Mt CO2 with 0.7 g/cm3 density, injected into a
confined storage with the default size of 3 km × 3 km area and 20 m thickness, located at
800 m depth
The dependency of the surface gravity and ground deformation signals on the stored CO2 mass in
a confined reservoir is investigated next. Based on the forward modelling results calculated over a
confined CO2 storage with the default properties, but with variable stored CO2 masses of 1, 3, 10,
and 20 Mt, maximum gravity magnitudes of 2.6, 7.88, 26.3, and 52.5 μGal can be detected
respectively, due to net CO2 mass balance changes (Figure 6.8 left). The resultant ground
deformation signals for this range of mass changes yield maximum magnitudes of 7.5, 22.4, 74.6,
and 149.1 cm (Figure 6.8 right). The total gravity effects of the combination of mass changes and
ground deformation changes are obtained as -20.4, -61.2, -203.9, and -407.7 μGal, respectively
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(Figure 6.9). The high amounts of injected mass cause very large ground deformation signals, as
the injected mass contributes to huge volumetric changes. The results indicate that the gravity and
ground deformation signals increase almost linearly with higher amounts of injected mass. In
addition, the gravity magnitude corresponding to lower amounts of injected CO2 mass into a
confined reservoir is comparable to the gravity signal corresponding to higher amounts of injected
CO2 mass into unconfined storages, as the density of CO2 has been selected as 0.7 g/cm3.
150

60

gravity ( Gal )

40

deformation (cm)

mass = 1 Mt
mass = 3 Mt
mass = 10 Mt
mass = 20 Mt

50

30
20

mass = 1 Mt
mass = 3 Mt
mass = 10 Mt
mass = 20 Mt

100

50

10
0
0

1000
2000
3000
4000
distance from injection well (m)

0
0

5000

1000
2000
3000
4000
distance from injection well (m)

5000

Figure 6.8: Gravity signals (left) and ground deformation signals (right) resulted from 1, 3,
10, and 20 Mt CO2 masses with 0.7 g/cm3 density, injected into a confined storage with the
default size of 3 km × 3 km area and 20 m thickness, located at 800 m depth
0

gravity ( Gal )

-100

-200

-300

mass = 1 Mt
mass = 3 Mt
mass = 10 Mt
mass = 20 Mt

-400

-500
0

1000
2000
3000
4000
distance from injection well (m)

5000

Figure 6.9: Gravity signals of 1, 3, 10, and 20 Mt CO2 with 0.7 g/cm3 density, injected into a
confined storage with the default size of 3 km × 3 km area and 20 m thickness, located at
800 m depth, plus the gravity effect of the resultant ground deformation
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As stated in the unconfined geological CO2 reservoir modelling, the difference between CO2 and
reservoir ambient fluid densities contributes to the surface gravity signal. On the other hand, in
confined CO2 reservoirs, the actual density of CO2 plays an exclusive role in the determination of
the gravity effect at the ground surface. Gravity and ground deformation signals, as the result of
CO2 injection into the confined reservoirs, react differently to CO2 density variations. The injected
CO2 with lower density needs a larger volume in order to be stored in confined reservoirs. This
allows more reservoir expansion, which in turn creates a larger observed ground deformation
signal at the surface. Nonetheless, the density variations have negligible impact on the gravity
changes corresponding to the CO2 mass balance changes, as the gravity effect over a confined CO2
reservoir depends only on the injected CO2 mass amount. Figure 6.10 (left) represents the
overlapping gravity effects of four confined CO2 reservoirs with default properties while the
injected CO2 into each of the reservoirs has variable densities of 0.5, 0.6, 0.7, and 0.8 g/cm3. The
maximum gravity effect remains at 7.9 μGal for all four cases.
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Figure 6.10: Overlapping gravity signals (left) and ground deformation signals (right)
resulted from 3 Mt CO2 with 0.5, 0.6, 0.7, and 0.8 g/cm3 densities, injected into a confined
storage with the default size of 3 km × 3 km area and 20 m thickness, located at 800 m
depth
Ground deformation signals associated with the four confined reservoirs with different CO2
densities are shown in Figure 6.10 (right). Despite the gravity results, the deformation signal varies
in the range of 31.3, 26.1, 22.4, and 19.6 cm, as the CO2 density changes. The total gravity effect
126

is also calculated by using the free-air gradient of variant ground surface deformation signals, plus
the constant gravity signal of the CO2 mass attraction (Figure 6.11). The four examined CO2
densities generate total gravity values of -88.8, -72.7, -61.2, and -52.5 μGal directly above the
injection well.
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Figure 6.11: Gravity signals of 3 Mt CO2 with 0.5, 0.6, 0.7, and 0.8 g/cm3 densities, injected
into a confined storage with the default size of 3 km × 3 km area and 20 m thickness,
located at 800 m depth, plus the gravity effect of the resultant ground deformation
It is known that gravimetry is theoretically more sensitive to depth changes than mass changes.
Nonetheless, gravity simulations of confined CO2 storages with the default properties but variable
depths of 400, 800, 1200, and 1800 m demonstrate smaller gravity changes than expected. The
maximum gravity changes associated with the mentioned depth variations are 10.7, 7.9, 5.8, and
3.8 μGal respectively, due to CO2 mass changes only (Figure 6.12 left). Comparing the confined
and unconfined CO2 reservoir simulation results, the attenuation of the gravity signal amplitude as
a result of increasing depth in both reservoir types demonstrates a similar rate of change.
Ground deformation is also severely dependent on depth changes, considering the causative
volume change as a point source. The resultant ground deformation simulations of the confined
CO2 storage with different depths, however, show less signal attenuation than expected as the
depth increases. The maximum detectable ground deformation signals over confined CO2 storage
models with the default properties, located at 400, 800, 1200, and 1800 m are 30.4, 22.5, 16.6, and
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10.7 cm, respectively (Figure 6.12 right). The magnitude peaks of the total detectable gravity also
change in the -83.2, -61.6, -45.3, and -29.2 μGal range, respectively (Figure 6.13).
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Figure 6.12: Gravity signals (left) and ground deformation signals (right) resulted from 3
Mt CO2 with 0.7 g/cm3 density, injected into confined storages with the default size of 3 km
× 3 km area and 20 m thickness, located at 400, 800, 1200, and 1800 m depths
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Figure 6.13: Gravity signals of 3 Mt CO2 with 0.7 g/cm3 density, injected into confined
storages with the default size of 3 km × 3 km area and 20 m thickness, located at 400, 800,
1200, and 1800 m depths, plus the gravity effect of the resultant ground deformation
Similar to the unconfined reservoirs, the reason behind the relatively low sensitivity of the gravity
and ground deformation signals to the depth variations originates from the horizontal extension of
the reservoir. To evaluate the effect of horizontal spreading of CO2 in a confined reservoir, a series
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of simulations for a confined CO2 storage model is adopted with variable horizontal extensions of
1 km × 1 km, 3 km × 3 km, 5 km × 5 km, and 7 km × 7 km areas. Considering only the changes
in mass balance, the maximum gravity signals due to these area changes are 22.4, 7.9, 3.6, and 2
μGal, respectively (Figure 6.14 left).
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Figure 6.14: Gravity signals (left) and ground deformation signals (right) resulted from 3
Mt CO2 with 0.7 g/cm3 density, injected into confined storages with different sizes of 1 × 1,
3 × 3, 5 × 5, and 7 × 7 km areas and 20 m thickness, located at 800 m depth
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Figure 6.15: Gravity signals of 3 Mt CO2 with 0.7 g/cm3 density, injected into confined
storages with different sizes of 1 × 1, 3 × 3, 5 × 5, and 7 × 7 km areas and 20 m thickness,
located at 800 m depth, plus the gravity effect of the resultant ground deformation

129

As the extension of the injected CO2 approaches zero surface area, like a point mass, the gravity
signal amplitude becomes larger. By assuming the same model and the same area changes, the
ground deformation signal magnitudes reach 63.6, 22.4, 10.3, and 5.8 cm (Figure 6.14 right). The
total gravity signals, as a result of both mass balance changes and the ground deformation changes
for the same range of area changes, allow detectable gravity values of -173.8, -61.2, -28.1, and
-15.9 μGal respectively (Figure 6.15).
In the simulations with variable CO2 reservoir depths, the density of CO2 is assumed to be the
constant default value of 0.7 g/cm3. Nonetheless, as the depth changes, the pressure and
temperature of underground formations change, and thus the density of the injected CO2 into
geological storages changes as well. To generate a more realistic simulation, these density changes
have been taken into account in the confined storage simulations with variable depths (Figures
6.12 and 6.13). Inclusion of the density changes is feasible by considering a geothermal and
hydrostatic pressure gradient model for the density changes due to depth changes (Figure 4.6).
Gravity signals of four confined CO2 storages, with default properties but variable densities
associated with the variable storage depths, are shown in Figure 6.16 (left). The maximum gravity
effects due to mass balance changes, in four storages at 400, 800, 1200, and 1800 m depths at
which CO2 undergoes density changes in the orders of 0.2, 0.55, 0.65, and 0.7 g/cm3, reach values
of 10.6, 7.9, 5.8, and 3.7 μGal, respectively. These gravity values are identical to the estimated
results of depth changing models with a unique density (Figure 6.12 left). This is also in agreement
with the gravity simulations of confined CO2 storages containing CO2 with different densities
(Figure 6.10 left), in which it was explained that the gravity effect caused by CO2 mass balance
changes is independent of CO2 density changes. Updating the CO2 density at each depth, using a
geothermal and hydrostatic pressure gradient rule, affects the ground deformation signal
drastically. Lower CO2 densities at shallower depths boost the ground deformation signal due to
the higher volume that is necessary to store the same CO2 mass with lower density. Accordingly,
the total gravity amplitude caused by both mass balance and ground deformation increases
dramatically. Ground deformation signal from CO2 storage models at 400, 800, 1200, and 1800 m
depths, considering an updated CO2 density at each depth, yields maximum ground deformations
of 105.7, 28.5, 17.7, and 10.6 cm (Figure 6.16 right), where the total gravity values reach -315.6,
-80, -48.8, and -29 μGal, respectively (Figure 6.17).
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Figure 6.16: Gravity signals (left) and ground deformation signals (right) resulted from 3
Mt CO2 with 0.7 g/cm3 density, injected into confined storages with the default size of 3 km
× 3 km area and 20 m thickness, located at 400, 800, 1200, and 1800 m depths, considering
a depth dependant density
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Figure 6.17: Gravity signals of 3 Mt CO2 with 0.7 g/cm3 density, injected into confined
geological storages with the default size of 3 km × 3 km area and 20 m thickness, located at
400, 800, 1200, and 1800 m depths, considering a depth dependant density, plus the gravity
effect of the resultant ground deformation
In pre-operational phases of CCS projects, the maximum gravity or ground deformation
estimations at the surface are desired more frequently than spatial gravity anomaly or ground
deformation maps. Considering a symmetric diffusion of CO2 with respect to the injection well,
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the maximum magnitudes of signals are detectable right above the injection well. The curves of
maximum gravity and ground deformation variations as a function of the injected CO2 masses and
the storage depths are presented in Figures 6.18 and 6.19. These logarithmic curves demonstrate
the maximum gravity due to mass balance changes, maximum detectable ground deformation, and
maximum magnitude of the total gravity due to the both mass balance changes and ground
deformation changes, associated with certain amounts of CO2 mass injected to a confined storage
at a specific depth.
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6.4 Gravimetric and ground deformation forward modelling of a combination of confined
and unconfined CO2 reservoirs
As explained in detail in section 4.2, the injected CO2 mass can contribute to the ambient reservoir
fluid replacement, filling the extra volume caused by excessive pressure, or a combination of both
scenarios (Figure 4.16). In this section, the gravity and ground deformation forward modelling of
the third scenario are investigated.
To begin with, p factor is defined as the percentage of the injected CO2 mass that contributes to
the volumetric changes of the reservoir. As a result, 100 - p indicates the percentage of the CO2
mass that contributes to reservoir ambient fluid replacement, for a given p. The actual CO2 mass
quantities contributing to each of the two scenarios are calculated, and then gravimetric and ground
deformation signals are modeled separately using the calculated CO2 mass values and
implementing confined and unconfined modelling procedures. The total gravity and ground
surface displacement will be then obtained from the summation of both the unconfined and the
confined modelling results.
First, the gravity effects caused by six different scenarios, in which the contribution of the CO2
mass to volumetric changes vary from 0% to 100% in 20% increments, are modeled. The CO2
storage in this model is assumed to have the default properties of 800 m depth, and 3 km × 3 km
area with 20 m thickness, containing 3 Mt CO2 with 0.7 g/cm3 density. Figure 6.20 (top-left)
displays six curves representing the gravity signals due to CO2 mass balance changes in reservoirs
with different contributions of CO2 in mass replacement or volume changes.
As the CO2 mass portion contributing to volumetric changes increases, the gravity signal amplitude
moves from negative values towards positive ones. In terms of full contribution of CO2 mass to
ambient reservoir fluid mass replacement, a lower gravity peak magnitude is observed than the
case of a complete contribution of CO2 to causing and filling the extra porosity, while the total
injection remains equal in both cases. The difference arises from the assigned CO2 density. The
gravity signal of the CO2 contributing to volumetric changes has been calculated by using 0.7
g/cm3 CO2 density. On the other hand, gravity modelling of the other CO2 portion, contributing to
ambient reservoir fluid replacement, uses the difference between the CO2 density and the ambient
fluid density such as brine with ~1 g/cm3, as the effective density. As a result, the selected CO2
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density of 0.7 g/cm3 leads to an effective density of ~-0.3 g/cm3. If a CO2 density less than 0.5
g/cm3 had been chosen, the absolute value of the gravity signal caused by ambient fluid
replacement would be larger than that caused by the CO2 portion contributing to volumetric
changes. As it is apparent from the curves in Figure 6.20 (top-left), in the case of 30% contribution
of CO2 mass in volumetric changes, zero gravity amplitude is acquired due to the mass balance
changes, without considering the gravity changes due to ground deformation changes.
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Figure 6.20: The effect of different contributions of CO2 to mass replacement or volume
changes on: gravity (top-left) and ground deformation (top-right) due to CO2 mass balance
changes in a reservoir, and total gravity (bottom) due to both CO2 mass balance changes
and ground deformation changes in a reservoir
Ground deformation signals caused by variable amounts of CO2 mass contributing to ambient fluid
mass replacement or volumetric changes are presented in Figure 6.20 (top-right). As expected, the
ground displacement is zero once the entire CO2 mass contributes to mass replacement. As larger
quantities of CO2 mass are involved in volumetric changes, ground deformation amplitudes
become larger as well. The total gravity, due to both mass balance and ground deformation
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changes, is also presented in Figure 6.20 (bottom) for variable contributions of CO2 mass in
ambient reservoir fluid mass replacement or filling volume changes.
These results indicate that negative overall gravity signals, caused by both mass attraction and
ground deformation, are expected to be observed regardless of the type of reservoir. Considering
the assumption that was made regarding CO2 and storage default properties, in case of having all
of the mass filling the volumetric changes, ~-61.2 μGal total surface gravity signal is obtained near
the injection well; however, in the other extreme case, where all of the CO2 mass replaces ambient
storage fluid, only ~-3.7 μGal total gravity is detected. Hence, providing similar storage properties
and injected masses, the confined geological CO2 storages are better candidates for integrated
gravimetric and geodetic geological CO2 storage monitoring.
6.5 Summary and discussion
In this study, forward modelling was implemented as the main tool for obtaining insight into the
possible gravity and ground deformation signals due to CO2 injection into confined and unconfined
geological storages. The objective was to gain an understanding of the dependency of gravity and
ground deformation signals on different variables, such as injected CO2 mass and density, as well
as reservoir depth and size. A reservoir with 3 km × 3 km area, 20 m thickness, and 20% porosity
located at 800 m depth, which has been partially filled with 3 Mt CO2 with 0.7 g/cm3 density, was
chosen as the default CO2 storage to be used in the forward modelling investigations.
Forward modelling of the unconfined reservoirs is limited to calculating only the gravity effect of
the CO2 distribution, as the ground surface deformation is negligible over the unconfined
geological CO2 storages. The gravity effect of an unconfined CO2 reservoir with default
characteristics reaches -3.7 µGal directly above the injection well. In addition, the forward
modelling of unconfined reservoirs with variable properties demonstrate that the gravity signal is
highly dependent on the injected CO2 mass and density changes. As a result of CO2 participation
in replacement of the reservoir ambient fluid, lower densities of the injected CO2 create larger
negative gravity signals. Eventually, the forward gravity modelling of the unconfined CO2
reservoirs demonstrates less depth dependency than expected, because of horizontal extensions of
the CO2 plumes.
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On the other hand, the forward modelling of confined CO2 reservoirs includes calculation of both
gravity and ground surface deformation signals due to the injection of variable amounts of CO2
mass into a series of geological storages with variable properties. Additionally, the ground surface
deformation effect on the observed gravity signal can be calculated using a free-air gradient of
-3.086 µGal/cm. In the first attempt, the gravity and ground surface displacement signals
originating from mass balance changes in a confined CO2 reservoir with the default characteristics
were modeled, yielding maximum magnitudes of 7.9 μGal and 22.4 cm right above the injection
well. By considering the gravity effect of ground deformation, the total gravity signal reaches
-61.2 μGal. Gravity and ground deformation modelling using variable properties of the reservoir
and the injected CO2 demonstrate the dependency of both signals on the injected CO2 mass;
however, the density of the injected CO2 into a confined reservoir has no effect on the observed
gravity. In contrast to the unconfined CO2 reservoir modelling in which a negative density anomaly
as the difference between CO2 and reservoir ambient fluid densities is used in gravity signal
simulations, the actual density of CO2 and the net CO2 mass changes play exclusive roles in
determining the surface gravity signal over confined CO2 reservoirs. Nonetheless, the ground
deformation signal exhibits high sensitivity to the density of the injected CO2 in confined
reservoirs, as the injected CO2 with lower density needs a larger volume in order to be stored. This
allows more reservoir expansion, which in turn generates a larger observed ground deformation
signal at the surface. Like in the unconfined reservoirs, the dependency of gravity and ground
surface deformation signals on depth variations is less than expected, as a result of the horizontal
extension of the geological reservoirs.
Forward modelling of the confined CO2 storages confirmed that there exist geological CO2
storages that can produce measureable positive gravity signals. One should note that gravity
forward modelling only considers the gravity changes as a result of mass balance changes. The
total observed gravity signal, however, encompasses the gravity effect of ground surface
displacement as well. In this case, the total observed gravity will be negative, as the result of the
large negative gravity signal caused by the ground deformation. As the ground deformation
monitoring is performed independently from the gravity surveys, mass balance gravity changes
can always be separated from gravity changes originating from ground surface deformation.
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Chapter Seven: Geological CO2 reservoir inverse modelling results
7.1 Inverse modelling of unconfined CO2 reservoirs
7.1.1 Inverse modelling of a synthetic unconfined CO2 reservoir
The developed inverse modelling approach for unconfined CO2 reservoirs is evaluated using two
case studies. In the first attempt, the geological CO2 storage depicted in Figure 7.1 (top) is utilized
to generate synthetic gravity data for inverse modelling. This model includes an unconfined
storage located below 800 m depth. Additionally, it is assumed that 3 Mt CO2 with 0.7 g/cm3
density has been injected into the reservoir with 20% porosity.
To begin, the subsurface space below the 800 m depth is discretized into 15 × 15 × 5 rectangular
prisms. The dimension of each prism is considered as 1 km × 1 km horizontally with 100 m
thickness. The distribution of CO2 in the model is also justified, considering that the injected CO2
tends to accumulate at the top of the reservoir, just below the sealing reservoir cap. Gravity
observation stations are considered to be located at the upper face centers of the prisms, projected
at the Earth’s surface. In this case, there are 225 observations, and 1125 model parameters, which
results in an under-determined inverse modelling. By considering brine as the ambient fluid in the
reservoir, the applied density in the inversion reaches -0.3 g/cm3. The assumed model properties
correspond to the storage of almost 140 Kt CO2 mass in each block, while the background blocks
have zero CO2 mass, as shown in Figure 7.1 (top). In this figure, we have demonstrated the top
view of the model blocks at the first layer, as well as the front view of the model blocks located
beneath the green dashed line. The model has a symmetric geometry on both sides of the plane
shown as the front view.
The gravity response of the defined unconfined CO2 reservoir is calculated at each station using
equation (4.6). The resultant gravity anomaly map with a magnitude peak of -3 μGal and a
standard deviation of 0.5 μGal is displayed in Figure 7.1 (bottom). In this study, we test the inverse
modelling approaches using synthetic gravity data contaminated with three levels of Gaussian
noise with zero mean and standard deviations of 1, 1.65, and 2 μGal. This is a considerable amount
2
2
of noise, as the ratio of the noise to signal (𝜎𝑛𝑜𝑖𝑠𝑒
: 𝜎𝑠𝑖𝑔𝑛𝑎𝑙
) in the current case study, exceeds 4, for

all three noise contamination levels. The standard deviation of the inserted noise is utilized to
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form 𝑊𝑑 , the data weighting matrix introduced in equation (4.17). In addition, as the CO2
distribution has been concentrated at the top section of the reservoir, the depth weight, introduced
by equation (4.18), is not included in the inversion constraints.
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Figure 7.1: Top and front views of the synthetic unconfined reservoir model (top), and
gravity anomaly map of the synthetic unconfined reservoir model (bottom)
The inverse modelling is conducted on the estimated gravity signal, contaminated with different
levels of noise, using 0th and 1st order Tikhonov regularizations. The 0th order leads to a model
with minimum shape, and the first order results in a flat estimated model. In both regularization
approaches, maximum curvature of the L-curve plot derived from equation (4.30), and minimum
amplitude of the GCV curve given by equation (4.31), are implemented to obtain the optimum
regularization parameter. The L-curve plots of the model misfit versus the data misfit in the loglog form using both 0th and 1st order Tikhonov regularizations have been shown in Figure 7.2 (topleft for 0th order and bottom-left for 1st order Tikhonov). As can be seen, a series of concave Lcurves has been formed associated with the three levels of noise in the gravity signal. A range of
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α between 0.01 and 10 has been chosen for the 0th order and another range of α between 0.01 and
31 has been chosen for the 1st order Tikhonov regularization. The GCV curves associated with
both 0th and 1st order Tikhonov regularizations are also demonstrated in Figure 7.2 (top-right for
0th order and bottom-right for 1st order Tikhonov).
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Figure 7.2: Log-log L-curve of the data misfit versus model misfit for a synthetic
unconfined model using 0th order (top-left) and 1st order (bottom-left) Tikhonov
regularization, and GCV curve versus the regularization parameter, for the same synthetic
unconfined model using 0th order (top-right) and 1st order (bottom-right) Tikhonov
regularization
The results of inverse modelling, associated with the three levels of noise contamination, are
shown in Figures 7.3, 7.4, and 7.5. In these figures, every couple of images in a row represent top
and front views of the estimated models, while each row represents estimated model given by the
0th or 1st order Tikhonov regularizations, and using L-curve or GCV as the technique for optimal
regularization parameter selection.
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Figure 7.3: Estimated synthetic unconfined models from inversion of gravity data
contaminated with 1 μGal noise level and using: 0th order Tikhonov regularization and Lcurve (first row) or GCV (second row) for the optimal parameter selection, or using: 1st
order Tikhonov regularization and L-curve (third row) or GCV (fourth row) for the
optimal parameter selection
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Figure 7.4: Estimated synthetic unconfined models from inversion of gravity data
contaminated with 1.65 μGal noise level and using: 0th order Tikhonov regularization and
L-curve (first row) or GCV (second row) for the optimal parameter selection, or using: 1st
order Tikhonov regularization and L-curve (third row) or GCV (fourth row) for the
optimal parameter selection
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Figure 7.5: Estimated synthetic unconfined models from inversion of gravity data
contaminated with 2 μGal noise level and using: 0th order Tikhonov regularization and Lcurve (first row) or GCV (second row) for the optimal parameter selection, or using: 1st
order Tikhonov regularization and L-curve (third row) or GCV (fourth row) for the
optimal parameter selection
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In each inverse modelling case study in this thesis, we assign two criteria for evaluating the
closeness of the estimated models to the true models. The smallness of the L2-norm of model
2

errors (𝑁ME), defined by 𝑁𝑀𝐸 = ‖𝑚𝑡𝑟𝑢𝑒 − 𝑚𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒 ‖2 , is used as the first criterion to verify the
estimated models. As in all of our case studies, the contamination noise is assumed to be
independent and Gaussian with zero mean, the data fidelity has a 𝜒 2 distribution and thus
𝜙𝑑 = ‖𝑊𝑑 (𝑑𝑝𝑟𝑒𝑑 − 𝑑𝑜𝑏𝑠 )‖22 ≈ 𝑁 (Li and Oldenburg, 1996). In this equation, 𝑊𝑑 includes the
known standard deviation of the noise in data, and 𝑁 denotes the degrees of freedom of the inverse
problem. While in our case studies 𝜙𝑑 can be much smaller than 𝑁 because of the smoothness of
the estimated models caused by implementation of Tikhonov regularization, the closeness of 𝜙𝑑
to 𝑁 provides the second criteria for evaluating the estimated models.
Table 7.1: Data fidelity, L2-norm of model error, and optimal regularization parameter for
estimated synthetic unconfined models
noise level
(std)
1 μGal

1.65 μGal

2 μGal

0th order Tikhonov

1st order Tikhonov

Evaluating
parameter

L-curve

GCV

L-curve

GCV

𝜙𝑑

152

185

177

207

𝑁𝑀𝐸

5.3889

4.2660

4.6351

4.2034

𝛼

1.2015

1.9169

1.1053

2.7213

𝜙𝑑

181

201

194

210

𝑁𝑀𝐸

5.0647

4.3839

4.9093

4.3870

𝛼

1.2015

1.7056

1.2217

2.4621

𝜙𝑑

178

202

184

211

𝑁𝑀𝐸

5.7876

4.4993

5.9494

4.4809

𝛼

0.9512

1.5176

0.7406

2.2275

A summary of the data fidelity, L2-norm of the model error, as well as the optimal parameter
selected by L-curve or GCV techniques for both 0th and 1st order Tikhonov regularizations, are
provided in Table 7.1. This set of parameters has been repeatedly presented for the estimated
models from the inversion of gravity data contaminated by three Gaussian noise levels with
standard deviation values of 1, 1.65, and 2 μGal. Larger 𝑁𝑀𝐸 values for the estimations with
143

higher levels of noise indicate worse recovery of the true model, as it can be observed from Figures
7.3, 7.4, and 7.5 as well. The comparison of the 𝑁𝑀𝐸 and 𝜙𝑑 values for the estimated models
using different regularization techniques indicates better recovery of the true model when 1st order
Tikhonov is used. Regarding the selection of the optimal regularization parameter, the GCV
technique selects the optimal parameter which leads to a more realistic model with a smaller 𝑁𝑀𝐸
and a closer 𝜙𝑑 to 𝑁 = 225. In general, GCV picks a larger 𝛼 as the optimal value than the Lcurve which leads to smaller or smoother estimates, regardless of whether 0th or 1st order Tikhonov
is utilized.
The presence of higher amounts of noise in data results in a smaller or smoother model. In all of
the estimations in this synthetic case study, the recovered model demonstrates a better recovery of
the horizontal borders of the CO2 mass distribution. The vertical resolution of the recovered model
is lower in all of the estimated models because of the nature of the potential field modelling
problems and the fact that high levels of noise in data leads to higher levels of smearing of the
estimations which in turn decreases the vertical resolution drastically.
7.1.2 Inverse modelling of an unconfined CO2 reservoir similar to the Sleipner CO2 storage
After examining the inversion methodology on the simulated gravity data derived from a synthetic
model successfully, the inverse modelling is tested on a model similar to one of the most famous
unconfined CO2 storages, belonging to the Sleipner CCS project. A CO2 distribution model is
firstly generated, similar to the Sleipner CO2 plume (Figure 7.6 left). The subsurface is then
discretized to 20 × 20 × 1 rectangular prisms located at 800 m depth, where each edge of the prisms
has 200 m length. Gravity observation stations are also considered to be located at the upper face
centers of prisms, projected at the ground surface. This discretization of model space leads to a
well-determined inverse problem with 400 number of data points in order to estimate 400 model
parameters. Similar to the original CO2 storage at Sleipner (2002 - 2009 time period), 5.88 Mt CO2
with 0.720 g/cm3 density has been injected to the simulated storage. Replacement of the brine
content of the storage with 1 g/cm3 density by the CO2 with lower density yields a total density
change of -0.28 g/cm3, which is the density that is applied in the inverse modelling. With these
assumptions, the total CO2 injection in each block reaches ~190 Kt.
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The gravity signal for such a model has been calculated by the gravity forward modelling presented
by equation (4.6), and is displayed in Figure 7.6 (right). The results lead to a signal with up to 12
μGal gravity decrease and 3 μGal standard deviation, which is in agreement with the real gravity
measurements observed over the Sleipner CO2 storage (Alnes et al., 2011). Three levels of white
noise with zero mean and standard deviations of 1, 1.65, and 2 μGal are added to the gravity data
to preserve a realistic noise level in the gravity signal. The ratio of the noise to signal is between
1:9 and 4:9, from the lowest to the highest noise contamination levels. The standard deviation of
the inserted noise is implemented for creating 𝑊𝑑 , the data weighting matrix that is used in the
Bayesian inverse modelling. In addition, as the model has been designed in just one layer, the
depth weight is not included in the inversion constraints.
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Figure 7.6: Top view of the simulated Sleipner CO2 plume (left), and gravity anomaly map
of the simulated Sleipner CO2 plume (right)
The inverse modelling is conducted individually on each of the three noise-contaminated gravity
signals, by solving equation (4.25) for a range of regularization parameters α between 0.1 and
31.6. This procedure is repeated for both 0th and 1st order Tikhonov regularizations. GCV and Lcurve techniques are then utilized for finding the optimal regularization parameter. For both the
0th and the 1st order Tikhonov regularization cases, the log-log L-curve of the data misfit versus
model misfit, as well as the GCV curve versus the range of regularization parameters, are generated
as shown in Figure 7.7. The L-curves exhibit somewhat sharp corners in all of the cases, however,
the maximum curvature evaluation for the inversion of gravity signals contaminated with 1.65 and
2 μGal noise levels, using 1st order Tikhonov, yields optimal regularization parameters slightly
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larger than the parameters corresponding to the visualized corners of the L-curves in Figure 7.7
(bottom-left). The estimated models from inverting the gravity data contaminated with 1, 1.65, and
2 μGal noise levels are presented in Figures 7.8, 7.9, and 7.10, respectively. With comparison of
the estimated models resulted from similar regularization techniques, it can be concluded that as
the noise to signal ratio is increased in the data being inverted, the resultant estimated model
becomes smoother.
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Figure 7.8: Estimated Sleipner CO2 plume models from inversion of gravity data
contaminated with 1 μGal noise level and using: 0th order Tikhonov regularization and Lcurve (top-left) or GCV (top-right), or using: 1st order Tikhonov regularization and Lcurve (bottom-left) or GCV (bottom-right)
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Figure 7.9: Same as Figure 7.8 except for usage of a 1.65 μGal noise level
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Figure 7.10: Same as Figure 7.8 except for usage of a 2 μGal noise level

Table 7.2: Data fidelity, L2-norm of model error, and optimal regularization parameter for
estimated Sleipner CO2 plume models
noise level
(std)
1 μGal

1.65 μGal

2 μGal

0th order Tikhonov

1st order Tikhonov

Evaluating
parameter

L-curve

GCV

L-curve

GCV

𝜙𝑑

391

386

389

386

𝑁𝑀𝐸

3.2371

3.2329

3.2861

3.2872

𝛼

2.1907

1.8540

2.8137

2.3813

𝜙𝑑

393

389

443

389

𝑁𝑀𝐸

3.4818

3.4882

3.8937

3.6125

𝛼

1.8540

1.5691

8.3232

2.1907

𝜙𝑑

394

389

430

389

𝑁𝑀𝐸

3.5821

3.6008

3.9209

3.7733

𝛼

1.7056

1.4435

7.0441

2.0153
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In order to evaluate the estimated models quantitatively, we have presented 𝑁𝑀𝐸, 𝜙𝑑 , and the
selected optimal regularization parameter for each estimation in Table 7.2. In almost all of the
estimations, the 𝑁𝑀𝐸 values are relatively small and the 𝜙𝑑 values are almost close to 𝑁 = 400,
which indicate an acceptable recovery of the true model using different regularization techniques.
However, in two estimated models associated with the inversion of gravity data contaminated with
1.65, and 2 μGal noise levels, L-curve suggests larger regularization parameters during
implementation of 1st order Tikhonov regularization, which leads to very smooth estimations. This
issue can be noticed visually in the Figures 7.9 and 7.10 as well.
7.2 Inverse modelling of confined CO2 reservoirs
7.2.1 Inverse modelling of a default confined CO2 reservoir
The results of the innovative inverse modelling developed for confined CO2 reservoirs (see section
4.6) using gravity and ground deformation to infer the fractional volumetric changes in the
reservoir are presented in this section. As the first case study, a geological CO2 storage identical
to the synthetic unconfined model defined in section 7.1.1 is utilized to produce synthetic gravity
data for inverse modelling. The defined model includes a confined storage located below 800 m
depth, into which 3 Mt CO2 with 0.7 g/cm3 density is injected. The top view of the model blocks
at the first layer, along with the front view of the model blocks located beneath the green dashed
line, are shown in Figure 7.11 (top). The model has a symmetric geometry on both sides of the
plane shown as the front view. The background blocks are assigned zero fractional volumetric
changes, and the fractional volumetric change at each model block has been set to 0.2 percent. The
overall volume change with the assumed volumetric change is equal to the volume that 3 Mt CO2
at 0.7 g/cm3 density occupies. In addition, the Poisson ratio of the reservoir is assumed to be
𝜈 = 0.25. The same subsurface discretization is implemented for the space below the 800 m depth
with 15 × 15 × 5 rectangular blocks. Each block has 1 km × 1 km horizontal dimensions and 100
m thickness. Gravity observation stations are considered to be located at the upper face center of
each block, projected at the surface. At every station, two measurements are considered, including
one gravity and one ground deformation value. In this case, there are 450 data values, and the
number of model parameters reaches 1125, which yields an under-determined inverse modelling
problem.
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Figure 7.11: Top and front views of the synthetic confined reservoir model (top), along with
gravity anomaly map (middle-left), ground deformation map (middle-right), and total
gravity anomaly map due to both mass balance changes and ground deformation changes
(bottom) over the synthetic confined reservoir model
The simulated gravity and ground deformation signals over the defined confined model are
calculated at each station using equations (4.6) and (4.15), and the results are illustrated in Figure
7.11 (middle). The gravity anomaly map has a positive maximum amplitude of 7 μGal, and the
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ground deformation maximum amplitude reaches 19.5 cm. Moreover, the standard deviation of
the gravity signal is 1.14 μGal, while that of the ground deformation signal reaches 3.2 cm. The
overall estimated gravity signal, consisting of the gravity effect due CO2 mass attraction and the
gravity changes due to ground deformation changes (obtained from -3.086 μGal/cm admittance
factor), is calculated and mapped in Figure 7.11 (bottom). The total gravity is a negative signal
with 54 μGal maximum magnitude at its peak, because of the strength of ground deformation effect
on the gravity. The goal is then to jointly invert the ground deformation contaminated by a
Gaussian noise with 1 mm standard deviation, and the overall gravity change contaminated by
three different Gaussian noise levels with standard deviations of 1, 1.65, and 2 μGal, in order to
map the fractional volumetric changes inside each block due to the CO2 injection.
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For each of three levels of noise in the gravity data, the joint inversion of the gravity and ground
deformation data is conducted, using 0th and 1st order Tikhonov regularizations. Both the log-log
L-curve and the GCV curve are created using the data and model misfits obtained from different
regularization parameters, chosen in the 31-10000 interval, as displayed in Figure 7.12. The
estimated optimal regularization parameters associated with the maximum curvature of the Lcurve and minimum of GCV curve have been shown on each curve. The results of inverse
modelling are shown in Figures 7.13, 7.14, and 7.15, for utilization of respectively 1, 1.65, and 2
μGal noise levels in gravity data. In these figures, every couple of images in a row represent top
and front views of the estimated models, while each row represents the estimated model given by
the 0th or 1st order Tikhonov regularizations, and L-curve or GCV as the techniques for the
selection of optimal regularization parameters.
Table 7.3 includes 𝑁𝑀𝐸, 𝜙𝑑 , and the selected optimal regularization parameter for all estimated
models. The 𝑁𝑀𝐸 values for the estimates resulted from the 0th order Tikhonov are slightly smaller
than those from the 1st order Tikhonov. On the other hand, the 𝜙𝑑 values related to the estimates
that utilize minimum GCV technique for optimal regularization parameter selection are closer to
𝑁 = 450 than the estimates chosen as the maximum curvature of the L-curve. The best
performance, therefore, belongs to the estimates using 0th order Tikhonov and GCV technique.
This behavior is held among all the estimates inferred from different noise levels. In addition, GCV
tends to deliver estimations which are smoother as it suggests larger regularization parameters in
both 0th and 1st order Tikhonov for all three noise levels.
A comparison of the inversion results in this section to those of the unconfined estimated models
presented in section 7.1 indicates much better recovery of the true model for all of the noise levels,
considering the fact that we have used completely similar reservoir geometry and injected CO2
properties in both case studies. The gravity signal is much larger over the confined reservoirs than
the unconfined reservoirs. This leads to a smaller ratio of the noise to signal in the gravity signal
over the confined models. In addition, the presence of ground deformation data with better
accuracy provides more information for the inverse modelling of confined reservoirs which in turn
results in better solutions.
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Figure 7.13: Estimated synthetic confined models from inversion of gravity data
contaminated with 1 μGal noise level and using: 0th order Tikhonov regularization and Lcurve (first row) or GCV (second row) for the optimal parameter selection, or using: 1st
order Tikhonov regularization and L-curve (third row) or GCV (fourth row) for the
optimal parameter selection
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Figure 7.14: Estimated synthetic confined models from inversion of gravity data
contaminated with 1.65 μGal noise level and using: 0th order Tikhonov regularization and
L-curve (first row) or GCV (second row) for the optimal parameter selection, or using: 1st
order Tikhonov regularization and L-curve (third row) or GCV (fourth row) for the
optimal parameter selection
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Figure 7.15: Estimated synthetic confined models from inversion of gravity data
contaminated with 2 μGal noise level and using: 0th order Tikhonov regularization and Lcurve (first row) or GCV (second row) for the optimal parameter selection, or using: 1st
order Tikhonov regularization and L-curve (third row) or GCV (fourth row) for the
optimal parameter selection
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Table 7.3: Data fidelity, L2-norm of model error, and optimal regularization parameter for
estimated synthetic confined models
noise level
(std)
1 μGal

1.65 μGal

2 μGal

0th order Tikhonov

1st order Tikhonov

Evaluating
parameter

L-curve

GCV

L-curve

GCV

𝜙𝑑

218

240

214

252

𝑁𝑀𝐸

0.0064

0.0064

0.0067

0.0067

𝛼

2861

4720

637

2049

𝜙𝑑

221

244

218

256

𝑁𝑀𝐸

0.0064

0.0064

0.0067

0.0067

𝛼

2861

4720

637

2049

𝜙𝑑

222

245

218

256

𝑁𝑀𝐸

0.0064

0.0064

0.0067

0.0067

𝛼

2861

4720

637

2049

7.2.2 Inverse modelling of a confined CO2 reservoir similar to the In Salah CO2 storage
The In Salah CO2 sequestration project has been identified as a typical confined CO2 reservoir in
this research. In this section, a simulated CO2 plume, analogous to the CO2 distribution in the In
Salah reservoir, is utilized as a case study in order to examine the inverse modelling methodology
on confined reservoirs.
A part of the In Salah CO2 plume is simulated, where almost 75% (equivalent to ~2.25 Mt) of the
total injected CO2 has been injected into the Krechba gas field through the two Northern wells,
KB-502 and KB-503 (Mathieson et al., 2011). The resultant gravity and ground deformation
signals due to reservoir mass balance and volume changes are calculated utilizing the forward
modelling of the defined model, presented by equations (4.6) and (4.15). The gravity amplitude
reaches ~1 μGal at the signal peak, and the ground deformation signal yields a maximum of ~2
cm, which approximates the maximum ground deformation over the In Salah storage measured by
InSAR techniques (Mathieson et al., 2011). The standard deviation of the gravity and ground
deformation signals reaches 0.2 μGal and 1.4 cm, respectively. The defined model is presented in
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Figure 7.16 (top-left), and the simulated gravity anomaly and ground deformation maps over the
reservoir at the Earth’s surface are shown in Figure 7.16 (top-right) and Figure 7.16 (bottom-left).
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Figure 7.16: Top view of the simulated In Salah CO2 plume (top-left), and gravity anomaly
map (top-right), ground deformation map (bottom-left), and total gravity anomaly map
due to both mass balance changes and ground deformation changes (bottom-right), over
the simulated In Salah CO2 plume
The joint inverse modelling is conducted using the ground surface deformation and the total
gravity that is obtained from the combination of the gravity effect due to mass balance changes
and the gravity changes due to ground deformation changes (Figure 7.16 bottom-right). The total
gravity exhibits a negative peak with 5.6 μGal magnitude. We repeat the inversion modelling for
three different Gaussian noise levels with standard deviations of 1, 1.65, and 2 μGal added to the
total gravity signal, and a Gaussian noise with 1 mm standard deviation added to the ground
deformation signal. The standard deviation of the inserted noise forms 𝑊𝑑 , the data weighting
matrix introduced in equation (4.17).
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The subsurface is discretized to 20 × 20 × 1 rectangular blocks located at 1800 m depth. The
horizontal edges of each block are 1 km in length and the thickness of each block is 20 m,
mimicking the real dimension of the In Salah CO2 storage. The observation stations are considered
to be located at the upper face center of each block, projected at the surface. It is further assumed
that both gravity and ground surface displacement data are present at each station. Using this
geometry, we have 800 data values and 400 unknown model parameters, providing an overdetermined inverse problem. Like the real injection, more than 2 Mt of CO2 with 0.850 g/cm3
density have been injected into this part of the storage. The background blocks in the model have
zero volumetric change, while the fractional volumetric changes at the non-zero model parameters
reach a maximum of 0.6 percent.
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Figure 7.17: Log-log L-curve of the data misfit versus model misfit for the simulated In
Salah CO2 plume model using 0th order (top-left) and 1st order (bottom-left) Tikhonov
regularization, and GCV curve versus the regularization parameter, for the same synthetic
unconfined model using 0th order (top-right) and 1st order (bottom-right) Tikhonov
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In the inverse modelling procedure, we use 0th and 1st order Tikhonov regularizations individually
for several regularization parameters α in a range between 10 and 10000 for the 0th order and in a
range between 100 and 10000 for the 1st order. The resultant data and model misfits from inversion
of gravity and ground deformation data contaminated with different levels of noise are then used
to generate L-curves and GCV curves (Figure 7.17). Calculation of maximum curvature of the Lcurves and minimum of GCV curves by equations (4.30) and (4.31) result in the estimated models
associated with the optimal regularization parameters shown in Figures 7.18, 7.19, and 7.20.
The statistics of the inversion results, provided in the Table 7.4, show acceptable recovery of the
true model in all of the estimated models except for an over-smoothed estimated model derived
from the maximum curvature of the L-curve using 1st order Tikhonov. The nearest estimated model
to the true model is the estimate given by the 1st order Tikhonov and using GCV for picking the
optimal regularization parameter. On the other hand, closest value among all of the 𝜙𝑑 values to
the 𝑁 = 800 is the estimated model from 0th order Tikhonov and using maximum curvature of Lcurve for optimal regularization parameter selection. This behaviour is observed similarly in the
estimations using all three noise levels.
Table 7.4: Data fidelity, L2-norm of model error, and optimal regularization parameter for
estimated In Salah CO2 plume models
noise level
(std)
1 μGal

1.65 μGal

2 μGal

0th order Tikhonov

1st order Tikhonov

Evaluating
parameter

L-curve

GCV

L-curve

GCV

𝜙𝑑

680

668

985

675

𝑁𝑀𝐸

0.0094

0.0097

0.0113

0.0093

𝛼

905

819

3216

567

𝜙𝑑

684

672

984

678

𝑁𝑀𝐸

0.0093

0.0096

0.0114

0.0092

𝛼

905

819

3216

567

𝜙𝑑

685

673

984
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𝑁𝑀𝐸

0.0093

0.0096

0.0114

0.0092

𝛼

905

819

3216

567
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Figure 7.18: Estimated In Salah CO2 plume models from inversion of gravity data
contaminated with 1 μGal noise level and using: 0th order Tikhonov regularization and Lcurve (top-left) or GCV (top-right), or using: 1st order Tikhonov regularization and Lcurve (bottom-left) or GCV (bottom-right)
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Figure 7.19: Same as Figure 7.18 except for usage of a 1.65 μGal noise level
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Figure 7.20: Same as Figure 7.18 except for usage of a 2 μGal noise level
7.3 Summary and discussion
An inverse modelling was developed in this study for the numerical interpretation of the observed
gravity and ground surface deformation over the geological CO2 storages to infer the CO2 mass
redistribution inside the main plume. The methodology was then examined on both confined and
unconfined CO2 storages using synthetic gravity and ground deformation data derived from a
default model and models that are analogous to the CO2 plumes of existing well-known CCS
projects.
Gravity is the only source of observations in unconfined reservoir case studies. Therefore, a linear
inversion of the gravity data was adopted, in order to infer the CO2 distribution in the discretized
subsurface space, assuming a negative density anomaly in the reservoir model due to replacement
of the brine content of the reservoir by CO2 with lower density. The inverse problem was then
resolved by conventional least-squares methods using 0th and 1st order Tikhonov regularizations
for reducing the ambiguity as the result of the high level of noise in gravity measurements.
Maximum curvature of the L-curve and minimum GCV magnitude were the criteria for choosing
the trade-off parameter between the data fidelity and the smallness of the model in 0th order
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Tikhonov, or the flatness of the model in the 1st order Tikhonov. GCV and L-curve methods were
chosen in this study because their performances do not require an understanding of the level of
noise in the data.
A synthetic model with a complex geometry, and another model with similar specifications and
properties to the CO2 plume in the Sleipner geological CO2 storage, were chosen for inverse
modelling examination of unconfined reservoirs. The inverse modelling methodology was
conducted after adding three levels of Gaussian noise with standard deviations of 1, 1.65, and 2
μGal, to the gravity signals in both case studies, in order to provide an assessment on the impact
of the noise on the estimated models. The results indicated that in general, the 1st order Tikhonov
regularization leads to more realistic models rather than the 0th order, yielding smaller differences
between the estimated model and the true model. In addition, comparison of the L-curve and GCV
techniques in selection of the optimal regularization parameter indicated that the GCV technique
results in the estimates with less residual error. It can also be concluded that, normally, GCV tends
to give a larger regularization parameter α as the optimal point that leads to smaller or smoother
estimates. This has been confirmed in other studies as well (Vatankhah et al., 2014). Although the
L-curve technique often suggests acceptable estimated models, it can also lead to estimates far
from the true model and has an erratic performance. Hence, the L-curve technique is recommended
as a secondary choice wherever the GCV curve fails to yield a minimum. As the magnitude of the
signal to noise ratio in the gravity observations decreases, we encounter smaller and smoother
estimated models which recover the true model with larger residual errors. In general, Tikhonov
regularization tends to reduce the effect of high frequency noise in the estimated models.
The gravimetric and geodetic signatures of CO2 injection into confined geological reservoirs are
characterized by a positive gravity signal as a result of the CO2 mass balance changes only, and an
upward ground surface deformation signal. The utilized gravity signal for inverse modelling is,
however, a negative gravity signal obtained from the combination of the positive gravity signal
due to CO2 mass balance changes and the much larger negative gravity signal from the conversion
of the upward ground surface deformation to gravity variations using a free-air gradient admittance
factor of -3.086 µGal/cm. In our joint inversion, the density changes are related to volumetric
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changes, and both data sets are used to infer fractional volumetric changes in the confined CO2
storages.
The confined inverse modelling methodology was tested on two synthetic gravity and ground
deformation data sets, calculated from a default confined CO2 storage and a confined CO2 storage
similar to CO2 plume of the In Salah CCS project. The gravity signals were contaminated with
three levels of Gaussian noise with standard deviations of 1, 1.65, and 2 μGal, while we used a
Gaussian noise with 1 mm standard deviation for generating noisy ground deformation signals.
For the inversion procedure, the subsurface geometry was first divided into predefined rectangular
blocks. The observation stations were considered to be located at the upper face center of each
block, projected at the surface. In addition, there were two measurements, namely total observed
gravity and ground surface deformation, at each station. A linear inversion was then used by
adopting a conventional least-squares method to estimate fractional volumetric changes in the
subsurface blocks using gravity and ground deformation data jointly. Like in the unconfined case,
0th and 1st order Tikhonov regularizations were adopted in order to stabilize the inversion process
and to reduce the ambiguity. The maximum curvature of the L-curve and the minimum GCV
magnitude were also used again for selecting the optimal regularization parameter.
The inverse modelling in both case studies led to an acceptable recovery of the original model
using both 0th and 1st order Tikhonov, except for the simulated In Salah CO2 storage model, in
which the L-curve method failed to present an acceptable estimated model. In general, the
estimated models corresponding to the confined reservoir case studies show overall better recovery
of the original model because of the larger gravity signal that a confined reservoir yields comparing
to an unconfined reservoir with similar characteristics. Furthermore, the presence of ground
deformation data with much better accuracy enhances the inversion results drastically.
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Chapter Eight: Conclusions and recommendations for future studies
8.1 Conclusions
Storing CO2 in geological storages offers a promising technique for effective and secure reduction
of the greenhouse gases in the atmosphere. Long-term monitoring of the CO2 plume is vital to
maintain the security of the CO2 storage and the surrounding environment by detecting any
migration or leakage of the CO2 into groundwater aquifers, rock formations, or the atmosphere.
Among all of the geophysical monitoring techniques, gravimetry provides the most successful
means for detection of continuous mass balance variations. In the course of this thesis, a novel
approach for gravimetric monitoring and modelling of the geological CO2 storages was presented.
The main conclusions are given below:


The scope of a study on micro-gravimetric monitoring and modelling of geological CO2
storages should cover all required steps in data acquisition, instrumentation, and signal
processing for detection of subtle gravity signals due to the injection of CO2 into deep
geological storages. Considering the lab simulation experiments and data processing
results of the iGrav001 measurements at the University of Calgary, it can be concluded that
~1 µGal accuracy is achievable for the stationary measurements of the iGrav SG.
Moreover, hydrological mechanisms identified as the most complicated environmental
effect on gravity signals; therefore, several sources of hydrological observations, from soil
moisture and groundwater level changes to precipitation measurements, are required in
order to obtain the 1 µGal accuracy of the iGrav’s measurements as promised.



The portability of the iGrav SG was investigated for the first time in this study. Spatial
relative gravity measurements were achieved with 2-3 µGal accuracy using iGrav001 in a
series of lab experiments. Nonetheless, the large offsets in the measurements and the
difficulties in the movement of the iGrav indicate that the mechanical spring gravimeters
are still better choices for spatial gravity surveys. Mechanical spring gravimeters, such as
the ZLS Burris or the Scintrex CG5 gravimeters, benefit from low cost and high portability,
which lead to the development of spatially dense relative gravity measurements. Special
network configurations for gravimetric surveys using mechanical spring gravimeters, can
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provide us with two epochs of spatial relative gravity measurements, before and after CO2
injection, with ~1 µGal accuracy for the observations in each epoch. An overall accuracy
of 1-2 µGal is then possible for the temporal gravity changes at each station by using the
iGrav SG observations as reference datum in order to connect the spatial gravity anomaly
maps obtained in the two epochs.


Fluid flow mechanics and reservoir properties were investigated in detail to understand the
mechanisms inside the reservoirs that have an impact on the CO2 density and its
distribution throughout the storage. These basic investigations resulted in the introduction
of the confined and unconfined reservoirs in gravimetric CO2 storage monitoring. Ignoring
the porosity change effects on the gravity signal measured over geological CO2 reservoirs
can no longer be accepted. While reservoir ambient fluid replacement by the injected CO2
with lower density explains the negative observed gravity signal over unconfined
reservoirs, the addition of the injected CO2 mass to the existing fluid content of the confined
reservoirs produces a positive gravity signal representing the CO2 mass attraction, as well
as a positive ground surface displacement signal. Additionally, the total gravity signal
includes a negative gravity effect as a result of the free-air gravity effect of the ground
surface deformation.



In this study, we identify the CO2 reservoir at the Sleipner as an unconfined reservoir, and
the CO2 reservoir at the In Salah, Algeria, as a confined reservoir. Our investigations
demonstrate that the effect of the porosity changes inside the In Salah CO2 storage on the
gravity signal is not negligible. In fact, if the total volume change due to the porosity
changes is calculated, it can be recognized that the created excessive volume is large
enough to store almost the whole injected CO2 mass. In this case, the CO2 mass is added
to the reservoir fluid content and there is no need for ambient fluid mass replacement. The
results of such a scenario can be observed as a positive gravity signal with ~1 µGal strength
due to attraction of the injected CO2, 2 cm upward ground deformation, and ~-6.2 gravity
change resulted from the free-air gradient effect of the observed ground surface
deformation.
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Forward modelling of the confined and unconfined reservoirs provides insight into the
minimum requirements of the CO2 mass and density, along with the depth and size of the
reservoir, in order to have measureable gravity and ground deformation signals at the
Earth’s surface. An unconfined reservoir with 3 km × 3 km area, 20 m thickness, and 20%
porosity located at 800 m depth, which has been partially filled with 3 Mt CO2 with 0.7
g/cm3 density generates -3.7 μGal surface gravity and negligible surface ground
deformation, while the same reservoir generates 7.9 μGal surface gravity due to mass
balance changes and 22.4 cm surface ground deformation, if we assume it as a confined
reservoir. Hence, the strength and the sign of the detected gravity and ground deformation
over the geological CO2 reservoirs strongly depend on the type of reservoir, in addition to
the injected CO2 mass and density, and the reservoir depth and size. In general, confined
reservoirs that contain CO2 with densities of more than 0.5 g/cm3, generate positive gravity
signals with larger magnitude, comparing to the unconfined reservoirs, considering 1 g/cm3
as the density of the ambient reservoir fluid.



The strength of gravity and ground deformation signals over geological CO2 storages are
highly dependent on the injected CO2 mass. Both signals are also dependent on horizontal
extension and depth of the CO2 reservoir. Nonetheless, the dependency on the reservoir
depth decreases, as the horizontal extension of the CO2 distribution increases. In addition,
the gravity effect over the unconfined geological CO2 storages and the ground surface
deformation over the confined CO2 storages are highly dependent on the density of the
injected CO2. On the contrary, the gravity effect over the confined geological CO2 storages
is independent of the density of the injected CO2.



Inverse modelling of both unconfined and confined CO2 storages provides an effective
means for numerical interpretation of the subtle gravity and ground deformation signals
observed over the geological CO2 storages. While a linear inversion is used to invert gravity
measurements and infer the density distribution in unconfined CO2 reservoirs, a
relationship between the density changes and fractional volumetric changes inside confined
reservoirs provides an opportunity for estimating the reservoir fractional volumetric
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changes using both gravity and ground surface deformation observations. It is concluded
from the inversion results that the CO2 distribution inside the confined reservoirs can be
modeled more accurately, than for unconfined reservoirs. It is further concluded that the
inclusion of regularization techniques and constraints is necessary for inversion stability
and for reducing ambiguities. In particular, Tikhonov regularization demonstrates
significant contribution to finding an optimal model and reducing the impact of observation
errors on the estimation. In this study, minimum GCV and maximum curvature of L-curve
criteria are successfully examined for choosing the optimal model. Inverse modelling
statistics indicate that the GCV is a more efficient technique, especially in presence of high
levels of noise in observations.
8.2 Recommendations for future studies
Just as this thesis represents a step forward, the field of micro-gravimetric modelling of geological
CO2 storages will continue to evolve. In the course of this study, we have identified several areas
of further research that build on our results and that may improve our approach. The main
limitations in this study relate to the accuracy of gravity measurements and modelling, therefore
we highlight the following as areas of future work:


Although strong evidences are presented in this study to support the simulated gravimetric
and geodetic signatures of different types of geological CO2 storages, verification of the
simulation results by real gravity and ground deformation measurements over both
confined and unconfined CO2 storages remains as an open problem for future studies. More
efforts should also be made to extend the monitoring and modelling methodologies to
detection of CO2 leakage and migration. In such studies, integration of gravimetric and
geodetic techniques with other geophysical techniques, such as seismic or geomagnetic,
can lead to a better insight into the fluid flow and mass balance changes inside and around
the geological CO2 storages. Contribution of borehole gravimetry which can provide
vertical gravity gradient and gravity observations at closer distances to the CO2 plume has
been also neglected in this study. Inclusion of borehole gravity measurements in the inverse
modelling of CO2 reservoirs can lead to larger signal to noise ratio in the gravity
observations, and better vertical resolution of the estimated models.
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One of the basic assumptions in the current study for the numerical modeling of ground
deformation observations is that the reservoir and overburden formations are isotropic and
homogeneous, which is not the case in reality. For future research, it is recommended that
these assumptions be removed and the layering effect of underground formations be
considered and examined. Moreover, in this study, we have only considered the vertical
ground deformation effect in the reservoir modelling. A 3D map of the surface ground
displacement given by GNSS and tiltmeters beside the InSAR observations can improve
the CO2 distribution modelling in the confined reservoirs.



Spring gravimeters have been identified as the currently most accurate and easy operating
gravimeters in the spatial field surveys. Assemblies with more than one sensor can improve
the accuracy of average gravity values and result in a more effective determination of the
instrumental drift in the measurements. On the other hand, the contribution of the iGrav
superconducting gravimeter to spatial data acquisition in the field should be further
evaluated. Our lab experiments confirm that portability of iGrav superconducting
gravimeter needs to be improved, and better assemblies with minimum imposed stress on
the iGrav during movement should be designed. By enhancing the 2-3 μGal currently
available accuracy of the iGrav during spatial surveys to 1 μGal or better, and reducing the
time that is needed for stabilizing the signal, a significant improvement will be achieved.



For the detection of gravity changes between two epochs, we considered a simple
subtraction of the gravity values from the two epochs at each station. Nonetheless, the two
epoch analysis methods including the global congruency testing and eliminating the
outliers in the data can lead to the determination of real gravity changes in the gravity over
time, and increasing the accuracy and reliability of the observations.



The theory that has been developed for confined and unconfined storages is not limited just
to geological CO2 storages. The presented methodology can be extended to a variety of
geological storages and fluid injection and extraction projects, such as steam injection into
enhanced oil recovery (EOR) systems. Hydrological storages also generate both ground
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deformation and gravity signals as the result of water charge and discharge cycles. These
phenomena might be explained using a modified version of the methodology used for
geological CO2 storage modelling. Volcanic systems and tectonic events, such as tremor
and slip events at the plate boundaries, may also be modeled using confined storage models
with some modifications.


A comprehensive inverse modelling that considers a CO2 storage in which both porosity
changes and mass replacement participate partially in CO2 distribution inside the reservoir
might be developed in future works. In this case, the uncertainty as a result of choosing a
wrong model for the interpretation of complex geological reservoirs will be minimized. In
such studies, error propagation into the estimated models is also required to be analyzed in
more depth.
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