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Preface 

 
This dissertation has been submitted to the Department of Geosciences, Faculty of Mathematics 
and Natural Sciences at the University of Oslo in accordance with the requirements for the 
degree of Philosophiae Doctor (Ph.D.). The study was conducted under the project OASIS – 
Overburden Analysis and Seal Integrity Study for CO2 sequestration in the North Sea, which is 
part of ”The CLIMIT programme’’ that provides financial support for developing carbon 
capture and storage (CCS) technology with collaboration between Gassnova SF and the 
Research Council of Norway. Moreover, under the OASIS project, UiO has a partnership with 
international universities (Curtin University, Australia and Colorado School of Mines, USA), 
national and international research institutes (Norwegian Geotechnical Institute, Norway, 
Norwegian Computing Center, Norway, and National Oceanography Center, UK) and 
industries (Equinor and TotalEnergies). The principal supervisor of this work was Prof. Nazmul 
Haque Mondol (UiO & NGI), and co-supervisors were Prof. Jens Jahren (UiO), Dr. Jung Chan 
Choi (NGI), and Dr. Manzar Fawad (UiO).  

The main objective of this study was to evaluate the top seal (faults, cap, and overburden rocks) 
integrity in potential subsurface CO2 storage sites by integrating petrography, petrophysics, 
rock physics, seismic inversion, and stochastic analytical and numerical modeling. The 
injection sites from the Horda Platform, northern North Sea, had been selected as the study area. 
The dissertation is divided into three sections. 

 Section-1 (Overview of the Ph.D. dissertation): This section consists 
of the research objectives, background, theoretical framework, 
database, methodologies, and key findings. 

 Section-2 (Journal papers): This section includes four peer-reviewed 
papers published in different journals where I am the first author.  

 Section-3 (Appendices): This section includes four additional peer-
reviewed papers (Appendix-1) and four conference proceedings 
(Appendix-2) relevant to this Ph.D. research where I am the 
first/second author.        

 

Md Jamilur Rahman, Oslo, June 2022 
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Summary 

 

It is generally accepted that the main reason for human-induced global warming is the emission 
of greenhouse gases, mainly carbon dioxide (CO2) and methane (CH4). The impact of global 
warming may trigger the critical thresholds called tipping points if warming increases to equal 
or greater than 1.50C. Despite the pledges made under the 2015 Paris agreement, global 
warming will still reach about 2.80C by the end of the century unless emissions are cut by half 
by 2030, and net-zero emissions are achieved by 2050. Carbon capture and storage (CCS) is 
one of the solutions that cut emissions with the lowest possible cost. CO2 will be captured from 
the point sources, transported, and permanently stored in suitable subsurface geological 
formations. Although the practicalities of CCS are being demonstrated by several pilot projects 
globally, subsurface injections of CO2 may have several mechanical consequences including 
fault reactivation, top seal fracturing and/or failure, surface heave, leakage along the legacy 
wells, and porosity-permeability changes due to reservoir expansion, etc. A detailed analysis of 
such factors is required for safe and permanent subsurface CO2 storage.  

The primary focus of this Ph.D. research is to improve a methodology to evaluate the top seal 
and overburden geomechanical risks by integrating petrography, petrophysics, rock physics, 
seismic inversion, and modeling approaches. The Smeaheia and Aurora injection sites from the 
Horda Platform area have been the major focal point for this study. Work is divided into three 
parts. The first part explores the depositional and diagenetic effect on the evolution of rock 
properties in fine-grained clastic sediments. The second part consists of an analytical method 
where the top seal, including faults and caprock shale, reliability has been assessed based on 
probabilistic structural failure analysis. Although the structural reliability analysis is widely 
used on surface structures, this research has introduced the approach for the first time for 
subsurface reliability as a means of understanding the leakage potential of CO2 storage sites. In 
addition, a field-scale numerical model is followed by an analytical model where a robust 
geomechanical modeling workflow has been proposed to evaluate field-scale rock mechanical 
failure and deformation. Finally, a combined site-specific top seal evaluation function and 
probabilistic risks ranking template have been developed.         

Although this study focuses on the Horda Platform area, the proposed methods are applicable 
globally to characterize subsurface CO2 storage sites. Apart from CCS projects, the outcome of 
this Ph.D. research can be beneficial for other subsurface injection projects such as water 
injection for reservoir management, wastewater injection for disposal, unconventional 
hydraulic fracking, etc.       
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1. Introduction 

1.1 Motivation, background, and research objectives 

Top seal integrity is a critical part of any subsurface fluid injection project, including water 
injection for reservoir management, wastewater injection for disposal, hydraulic fracturing for 
unconventional, and subsurface CO2 injection for sequestration (CCS). For a saline aquifer, 
trapping mechanism of the top seal is quite uncertain but a crucial component of containment 
issues. Hence, accurate assessment of top seal integrity is one of the critical parameters in any 
injection project. Seal rock strength is one of the important parameters that affect the integrity 
of cap and overburden rocks, which can trap low-density fluid plumes. If the reservoir pressure-
induced effective stress exceeds the seal’s tensile or shear strength, leakage can be triggered in 
caprocks and faults (Fig. 1.1). A rapid increase of reservoir pressure can also lead to membrane 
seal failure (advection and diffusion through caprock) or hydraulically dilated faults and 
fractures (shear or tensile failure of caprock and existing faults reactivation). There have been 
many natural and geological evidence of leakages caused by pressure-build up. Gas leakage 
(gas chimney) through the top seal is a common phenomenon in hydrocarbon fields, which are 
easily detectable in seismic sections as a columnar disturbance with lower reflection continuity 
and amplitudes than the surrounding areas (Sales, 1997; Heggland, 1997; Foschi and 
Cartwright, 2020; Hansen et al., 2020; Rahman et al., 2022).  Depending on the overburden 
lithology, migrated fluids might be trapped within the overburden section or might also have 
migrated up to the seabed (offshore site) or atmosphere (onshore site). Seafloor pockmarks 
might be an indication of fluid escaping, and have been observed in basins all over the world 
(Foschi and Cartwright, 2020). Studies of the hydrocarbon fields give us an excellent analogue 
for injection related activity. Unlike hydrocarbon fields, injection projects need to characterize 
containment risks beforehand to achieve leakage free permanent storage. Nevertheless, seal 
integrity is a complex process and depends on many factors such as mineralogy, pressure, 
temperature, and mechanical properties. Due to the complex nature of factors affecting the top 
seal integrity, it is hard to quantify, and it requires an integrated assessment approach for better 
reliability.   

 

Fig. 1.1: Graphical illustration of pressure-depth plot based on a structural trap with a thick fluid column 
(modified after Foschi and Cartwright, 2020). A representative Mohr-Coulomb failure diagram is 
presented for no gas leakage scenario (a) and gas leakage through caprock and overburden by diffusion 
and/or rock failure due to overpressure or horizontal stress perturbation (b). HG – hydrostatic gradient; 
FG – fracture gradient; GG – gas gradient; GGFG – gas gradient during caprock fracture; GWC – gas 



4 
 

 
 

water contact; SP – spill point; MFC – maximum fluid column; 𝜎  - effective vertical stress; 𝜎  - effective 
horizontal stress.    

One of the well-known injection-related seal integrity issues is a membrane seal failure. Due to 
the importance of proper seal integrity assessment for hydrocarbon exploration, the study of top 
seal risk assessment was started in the 1970s and 1980s where the theoretical foundation was 
established in a series of published papers (Berg, 1975; Schowalter, 1979; Rouchet, 1981; 
Downey, 1984; England et al., 1987; Watts, 1987; Sales, 1997). These initial studies 
emphasized buoyancy pressure dependent seal capacity where the membrane seal failure occurs 
when buoyancy force exceeds the capillary entry pressure of the top seal (Schowalter, 1979; 
Foschi and Cartwright, 2020) The same diffusion concept was studied in fluid migration from 
the source rock. Since this study deals with clastic rocks with high organic matter content, the 
analog to fluid migration from source rocks is valid. When the fluid volume increases within a 
trap similar to matured organic shales, hydrocarbon molecules can diffuse into the overlying 
rock and escape (Leythaeuser et al., 1984, 1982; Sales, 1997; Abay, 2017). The same concept 
is also applicable in the crestal trap between the reservoir and the caprock interval. Although 
the diffusion process might initiate fluid leakage, many studies have suggested that the process 
in a water-filled pore system is extremely slow (Smith et al., 1971). The process may become 
faster if caprock shale has microfractures induced by overpressure due to petroleum generation 
within shales (Tissot and Welte, 1984; Bjørlykke, 2015), or through kerogen networks 
(Stainforth and Reinders, 1990; Johnson et al., 2022b). However, flow through the networks is 
dependent on several factors such as the caprock shale’s kerogen quantity (percentage), quality 
(types), and the degree of thermal maturation (Abay, 2017; Johnson et al., 2022b). In addition, 
thickness of the caprock shale plays a vital role during diffusion-related fluid escape (Karlsen 
et al., 2004; Johnson et al., 2022).   

Another critical aspect of injection-related geomechanical risk is an induced seismicity. 
Artificial injection of fluids into the Earth’s crust can induce seismicity. Injected fluids not only 
perturb stress and create new fractures/faults, but it also potentially causes slip in pre-existing 
fault zones (Jimenez and Chalaturnyk, 2002; Rutqvist and Tsang, 2002; Nordbotten et al., 2004; 
Streit and Hillis, 2004; Hawkes et al., 2005; Rutqvist et al., 2007, 2008; Soltanzadeh and 
Hawkes, 2008; Herwanger and Koutsabeloulis, 2011; Davies et al., 2013).  Additionally, there 
might be the possibility of ground deformation in the vicinity of the injection/production area. 
Deep water injection has been practiced by the oil industry for over 100 years for oil 
displacement and over 70 years for wastewater disposal (Dusseault, 2011). The record of 
induced seismicity is routinely documented and monitored. Globally, increased rates of seismic 
activity are reported in the vicinity of injection wells and attributed to fluid injection (Horton, 
2012; Keranen et al., 2013; Kim, 2013; Ellsworth, 2013; Schultz et al., 2014, 2020; Fan et al., 
2016; Levandowski et al., 2018). However, natural seismicity (earthquake) is also common and 
requires monitoring near injection sites (Rubinstein and Mahani, 2015).   

The aforementioned risks of the seal failure and the induced seismicity are significantly affected 
by the behavior of pore fluid under the drainage condition and associated stress paths within 
the reservoirs and surroundings (Segall, 1989; Grasso, 1992; Addis, 1997; Hillis, 2001). 
Additional processes such as hydraulic aperture evolution, hydrological property changes, 
effective stress induction, and mechanical strength degradation can also influence the effective 
stress of cap and overburden rock deformations. These geomechanical processes can lead to top 
seal failure. The failed top seal may act as a leakage pathway for injected fluids to migrate 
upward into the overburden and potentially into the atmosphere. These events will trigger the 
environmental challenges that are associated with this technique (Cambell et al., 2020; Schultz 
et al., 2020). To avoid this, one must assess the potential top seal (caprock and fault) 
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geomechanical failure risks using the available database, where an integrated analysis approach 
should be carried out.     

The major challenges in the geomechanical assessment are: accurate delineation of in-situ 
physical properties and conditions (i.e., temperature, in-situ stresses, and pressure), and 
predicting accurate injection-induced mechanical behaviors, including subsidence/heave. For 
instance, 8m seafloor subsidence in the Ekofisk field was indicative of a failure to predict 
subsidence during the development phase. Geomechanical model need to deal mainly with 
coupled problems requiring simultaneous consideration of changes in temperature, pressure, 
stress and chemical processes (THMC). However, the lack of relevant subsurface material 
information has been one of the difficulties in geomechanical simulation. Especially, the 
sensitive phase behavior of CO2 will complicate the modeling process further in CCS projects. 
For instance, supercritical CO2 is in liquid form but behaves like a gas. The buoyancy pressure 
and solubility rate of CO2 are also faster and different than hydrocarbon fluids. Furthermore, 
due to the sensitivity of local in-situ stress conditions (influenced by induced seismicity), a site-
specific characterization and associated geomechanical analysis is suggested (Fan et al., 2016).   

The above discussion explains the importance and necessity of subsurface geomechanical 
characterization in any fluid injection project. This study addressed injection-related issues by 
focusing on characterizing the containment risks in the Horda Platform, northern North Sea 
potential CCS injection sites. Although most of the North Sea fault-related discoveries indicated 
either no or minor fault-related leakage (i.e., sealed faults), some critically stressed faults in the 
North Sea lead to a Mohr-Coulomb failure condition (Grollimund and Zoback, 2003). Due to a 
lack of core data in cap and overburden sections, most geomechanical studies may need 
simplification in the elastic moduli and Mohr-Coulomb parameters (Grollimund and Zoback, 
2003). The simplified input may result in overlooking the possible geomechanical risks. In 
addition, geological history can also result in another uncertain factor. For instance, Cenozoic 
uplift and erosion in the study area result in uncertainties in the magnitude and orientation of 
the principal stresses. The caprock shear failure or fault reactivation (top seal integrity) is also 
influenced by the in-situ stress magnitude and orientation in any sedimentary basins (Bjørlykke 
et al., 2005). This observation suggests that a better understanding of geological history and 
accurate geomechanical characterization should be considered for the injection-induced 
stability of faults in the case of CO2 injection into saline aquifers, especially, when the site lacks 
information about the in-situ stresses and mechanical properties.  

To obtain a better containment risk assessment, an integrated approach is needed, including all 
the available data (wireline logs, seismic, wellbore samples, etc.) analyses, accompanied by 
geomechanical modeling and investigation (Rodriguez-Herrera et al., 2014). However, most of 
the efforts usually focus on reservoir and caprock, while very few studies have been focused on 
the whole subsurface, including both reservoir and caprock in practical and research areas 
(Sengupta et al., 2011). This is because good data coverage is usually acquired only within 
reservoir sections; however, the caprock and overburden sections are usually ignored while 
acquiring cores, wireline logs, and pressure readings. In order to compensate for this lack of 
data, seismic data can be used as input to extract geomechanical properties of cap and 
overburden rocks since seismic data especially 3D cube has full coverage from the surface to 
horizons much deeper than the reservoir rocks. 

Quantification of effects of overburden variability is also essential for the integrated approach. 
Usually, the overburden rock has natural variability due to heterogenous characteristics. In-situ 
stress condition in the overburden is determined not only by its depositional geomechanical 
characteristics (i.e., Poisson’s ratio) but also by geological history (i.e., tectonic stress, heaving, 
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and subsidence). Therefore, it is not easy to get accurate values from the field (Moos et al., 
2003). Natural fractures in caprock shales are also heterogeneous, which may significantly 
affect the caprock strength and by extension leakage pathways. Therefore, the deterministic 
evaluation of caprock integrity using limited borehole data can result in poor judgment 
regarding decision-making. In addition, the overburden leakage can be caused by the interaction 
of multiple events such as breakage of capillary barriers, geomechanical slip, tensile opening, 
fluid-driven fracture propagation, etc. Therefore, an integrated approach is required to evaluate 
the top seal (cap, overburden, and fault) in any CO2 injection site characterizations.       

Considering the abovementioned uncertainties and challenges, this Ph.D. research is focused 
on improving seal integrity knowledge by building a robust geomechanical model integrating 
all the available databases. Statistical seismic inverted properties are directly resampling to the 
model grid as model property input. Extracting rock properties directly from 3D seismic can 
cover volumes from the surface down to a depth below the potential reservoir. Seismic inverted 
properties such as acoustic impedance, Vp/Vs ratio, density, Young's modulus, and Poisson's 
ratio can be used for rock characterization (Rasmussen et al., 2004; Johnson, 2017; Yenwongfai 
et al., 2017). This study used seismic inverted property cubes to simulate 3D field-scale 
geomechanical models. In addition to geomechanical model, caprock characterization and 
probabilistic structural reliability assessment studies have been carried out. The overall 
objectives of this Ph.D. dissertation are: 
   

 Develop a clear understanding of exhumation, paleo-depositional 
environment, tectonic and structural history, and their effect on rock 
geomechanical properties. Build an integrated workflow to characterize 
caprock shale.  

 Probabilistic assessment of caprock and fault structural reliability and 
assess the sensitivity of the input data uncertainties.   

 Develop a seismic data-driven field-scale 3D geomechanical modeling 
workflow focusing on the overburden and cap rocks to evaluate the 
stress-strain change due to injection-induced pressure alteration. 

These objectives are achieved by interdisciplinary research involving laboratory experiments 
(CP-4), petrophysical-geophysical data analysis (Paper-1; RP-1 & -2; CP-1 to -3; Rahman et 
al., 2022), and analytical and numerical model investigation (Paper-2 to -4; RP-3 & -4) are 
shown in figure 1.2. The wireline log-based analysis, mainly the caprock characterization 
(Paper-1; Rahman et al., 2022), has been carried out over the greater Horda Platform area so 
that it would be easier to evaluate future injection sites surrounding the present sites (i.e., 
Smeaheia and Aurora). The rest of the journal papers (Paper-2 to -4) and additional relevant 
papers (RP-1 to -4), and conference proceedings (CP-1 to CP-4) are focused on the specific 
injection site (i.e., Smeaheia). However, the proposed methods are suitable to characterize any 
fluid injection projects such as other CO2 injection sites or exploration and development phases 
in the oil and gas industry.   

This research has improved the knowledge gap related to top seal integrity assessment. To our 
knowledge, the proposed workflows to characterize caprock, faults, and overburden stress-
related risks have novelty. Results from this research are also indicated the effectiveness of 
these methods and approaches. The uniqueness of these processes are described below: 

 Due to the complex nature of fine-grained clastic rock properties, the proposed 
integrated workflow to characterize depositional and diagenetic influences is 
necessary and effective in injection sites with the clastic top seal. 
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 The probabilistic structural reliability method is widely used for surface structure 
characterization, but the novelty of this approach is that it is the first time introduced 
for subsurface top seal structural failure analysis. 

 The proposed top seal risk ranking template based on brittleness and structural 
reliability is a unique approach to the qualitative top seal failure risks. Further 
analysis is required to improve it. 

 Seismic property based anisotropic overburden gridded 3D field-scale 
geomechanical model is a novel approach in stress-stain coupling research. 

Although the investigation focuses on CO2 storage site characterization, the proposed methods 
can be applied for any subsurface injection site characterization, such as wastewater disposal, 
unconventional hydraulic fracking, etc.     

1.2 Fundamental of subsurface CO2 storage 

Human-induced global warming processes change the climate and have large-scale impacts on 
weather patterns. Climate change is a natural process that observed in the geological time scale. 
However, the current change is more rapid than any known events in Earth’s history (Allen et 
al., 2018). It is generally accepted that the main reason for this unprecedented rise in global 
temperature is the emission of greenhouse gases, mainly carbon dioxide (CO2) and methane 
(CH4). The impact of climate change is already being felt at the current level of warming, which 
is about 1.20C (CLIMA, 2021). According to IPCC (International Panel on Climate Change), 
the impact might significantly increase if warming reaches 1.50C, or above the preindustrial 
level (IPCC, 2018), which could trigger the critical thresholds called tipping points (Pachauri 
et al., 2014). Considering the severe irreversible loss and damage to nature and society, the 
2015 Paris Agreement was adopted. Nations collectively agreed to keep warming well below 
20C above the pre-industrial level and pursue efforts to limit the temperature increase to 1.50C 
(Longship-Report, 2020). However, despite pledges made under the agreement, global 
warming will still reach about 2.80C by the end of the century (Climate Action Tracker, 2021) 
unless emissions are cut by half by 2030, and net-zero emissions are achieved by 2050 (Rogelj 
et al., 2018).  

Several countries, including the EU, have committed to a net-zero target by 2050. Norway 
specifically targeted reducing greenhouse gas emissions by at least 50% by 2030 compared 
with the 1990 level (Norwegian Government Climate goal Report, 2020). We are talking about 
‘net-zero’, but what does that actually mean? The net-zero target means that greenhouse gas 
emissions into the atmosphere must be equivalent to zero by increasing the natural sequestration 
of CO2 through processes such as agriculture, forestry, and other land use, or by capturing and 
permanently storing CO2 underground (Longship-Report, 2020). Subsurface geological CO2 
storage is considered one of the viable solutions to mitigate global warming. The CCS processes 
(carbon capture and storage) consist of three parts: capturing CO2 from the point sources, 
transporting the captured CO2 to a storage site, and finally injecting/storing it into the 
subsurface reservoirs (i.e., saline aquifers or depleted hydrocarbon fields). According to the 
United Nations, IPCC, and IEA (International Energy Agency), CCS will be necessary to 
reduce global greenhouse gas emissions at the lowest possible cost. CICERO (Center for 
International Climate Research Organization) has concluded that CCS is critical in most 
emission pathways to achieve the temperature reduction goals (Peters and Sognnæs, 2019). 
CCS is also vital because (i) it may be challenging to reduce the source of emissions to net-zero 
quickly enough without it, (ii) currently there are no viable alternatives to CCS for certain 
sectors (i.e., cement, steel, long-distance sea, and air transport, etc.), and (iii) CCS might be the 
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cheapest and best way of reducing emissions (Longship-Report, 2020). Therefore, it is well 
understood that we need more CCS projects globally for sustainability. 
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Geological storage of CO2 is not a new concept. It was first utilized during the 1970s in Texas, 
United States (Hedley, 2014). However, the purpose was not environmental; instead, it was 
used for enhanced oil recovery (Dicharry et al., 1973). The first CO2 injection was started for 
the sole purpose of preventing atmospheric emissions and commenced operation in 1992. 
Statoil (now Equinor) separated CO2 from the produced hydrocarbon in the Sleipner field, 
North Sea, and re-injected it into the brine saturated Utsira Formation (Korbøl and Kaddour, 
1995; Baklid et al., 1996). According to the Global CCS Institute database (GCCSI), 58 large-
scale CCS projects are in progress worldwide, out of which twenty projects are already in 
operation. Thirteen (13) of these projects are located in North America, five are distributed 
between Asia, Australia, and South America, whereas two projects (Sleipner & Snøhvit) are 
located in Norway, the only country in Europe with projects in the operational phase now. 

Norway is able to contribute to the development of carbon capture and storage because the 
country has over 25 years of planning and implementation experience. There is vast potential 
for geological storage of CO2 beneath the seabed on the Norwegian Continental Shelf (NPD 
CO2 Atlas, 2014). The Norwegian Government and Northern Lights JV (a joint venture 
company owned by Equinor, Shell, and TotalEnergies) initiated a full-scale (capture, transport, 
and storage) CO2 storage demonstration project named ‘Longship’ (Fig. 1.3). Northern Lights 
is the transport and storage component of the Longship project, which includes the capturing 
of CO2 from industrial point sources (i.e., cement factory and waste-to-energy plant). The 
captured CO2 will be liquefied and transported by ships to an onshore terminal (Øygarden 
municipality) on the Norwegian west coast. From there, the supercritical CO2 will be injected 
and permanently stored into a deep saline aquifer (~2.5 to 3.0 km below the seabed) by ~100 
km pipeline in the Horda Platform area, northern North Sea. Phase 1 includes the capacity to 
transport, inject and store up to 1.5 Mt of CO2 per year (source: Northern Lights JV). The 
investment in subsequent phases will be triggered (up to 5 Mt of CO2 per year) by market 
demand from large CO2 emitters across Europe. The Longship project is the first project of its 
kind; however, many potential geomechanical risks need to be evaluated for a successful, safe 
and permanent CO2 storage.  

In CCS technology, the injected CO2 has been compressed into a supercritical phase before 
injection. In this condition, the density of CO2 is significantly increased, therefore requiring 
less space per given volume within the reservoir (Fig. 1.4a).  The critical point represents 
304.13K and 7.3773 MPa temperature and pressure, respectively. The critical point can be 
roughly equivalent to around 800 m total vertical subsea depth (TVDSS), considering the 
standard basin temperature (30-35 deg/km) and pressure (10kPa/m) gradients (Span and 
Wagner, 1996). Hence, one of the main challenges in CCS is to keep the injected fluids below 
the threshold depth to stay in the supercritical phase because of the high buoyancy force of CO2 
fluid. Therefore, the major concern in any CCS project is to assess the risk of potential leakage 
of CO2 into the overburden and eventually into the atmosphere.  
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Fig. 1.3: The full chain schematic of proposed large-scale CO2 sequestration project “Longship” in the 
northern North Sea (Courtesy: Equinor). 

 

Fig. 1.4: CO2 Phase diagram illustrating the different phases based on pressure and temperature (a), and 
the schematic diagram demonstrating the trapping contribution changes over time (b). The storage 
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security increases over time by changing from physical (structural) to geochemical (mineral 
precipitation) trapping (modified after IPCC, 2005).     

 CO2 can be trapped after injecting into a reservoir (Fig. 1.4b) in four different trapping 
mechanisms such as structural & stratigraphic, residual, solubility, and mineral precipitation 
trappings. Storage security increases with time by the change in trapping mechanisms from 
physical to geochemical processes. In the beginning, the majority of CO2 (%) will be trapped 
physically within the structure below the top seals in structural and stratigraphic traps. 
However, the CO2 percentage stored this way decreases significantly with time by CO2 mineral 
trapping and increased residual trapping mechanisms. These changes will increase storage 
security, as there is a higher possibility of CO2 leakage in structural trapping than mineral 
trapping. However, the time required to shift from structural to chemical storage is relatively 
long; hence, a reliable top seal characterization has been critical for project decisions.      

For reliable and permanent CO2 storage, the injection processes must consider a long-term CO2 
migration monitoring. The focus should concentrate on scaling efficiency as the trapping 
mechanisms including solubility and mineral trapping, are not capable of retaining a large 
amount of gas or taking a very long time to gain a significant storage contribution. Caprock and 
faults (top seal) must be sealed to prevent the vertical buoyancy-driven CO2 migration and 
provide sufficient time for additional trapping mechanisms to contribute to the overall processes 
(Heinemann, 2013). Failure to uphold any one of these criteria may result in CO2 migration 
upwards into the overburden, where it may escape to the surface or possibly be trapped by a 
secondary seal. Therefore, the overburden rock characterization is also crucial in a CCS project. 
In the worst-case scenario, it may come back to the atmosphere, thereby failing the overall 
project objectives. Failure may also result in polluting freshwater aquifers near onshore 
injection sites. However, this concern is not applicable for offshore facilities such as Sleipner 
& Snøhvit, as well as for the Longship storage sites (the study area of this Ph.D. research). 
Instead, offshore CO2 leaking may pollute sea water and escape to the atmosphere again as a 
greenhouse gas.     

1.3 Geological setting of the study area 

1.3.1 Structural framework 

The northern North Sea experienced two main rifting events, during the Permo-Triassic and the 
Late Jurassic to Mid-Cretaceous times (Steel and Ryseth, 1990; Færseth, 1996; Whipp et al., 
2014; Fig. 1.5a). A wide basin with deep-rooted faults and thick syn-depositional wedges is 
centered below the Horda Platform due to the first rifting event (Fig. 1.5b). During the Late 
Jurassic to Mid Cretaceous event, the major rifting and tilting zones are shifted westward (i.e., 
Lomre Terrace) (Stewart et al., 1995). It is assumed that weak stretching occurred with the 
reactivation of major Permo-Triassic faults on the Horda Platform (Steel and Ryseth, 1990; 
Steel, 1993; Roberts et al., 2019, 1993; Færseth, 1996; Whipp et al., 2014). Significant normal 
faults with predominant N, NE, and NW orientations controlled the basin formation, resulting 
in half-grabens (15-50 km in width) which are the fundamental morphological elements in the 
area (Færseth, 1996). Half-grabens in the North Sea may reach 100 km along-strike length; 
however, studies suggested that normal faults occur in segments and are generally no longer 
than 20 km each (Jackson and White, 1989; Roberts and Jackson, 1991). The eastern margin of 
the Triassic sedimentary basins south of 610N are, in general, associated with the Øygarden 
Fault Complex (ØFC). In this segment, the vertical displacement is generally between 3-5 km 
across normal faults (Yielding et al., 1992; Færseth et al., 1995). However, north of 610N, the 
structural pattern is controlled by the east-dipping Sogn Graben fault of Permo-Triassic origin, 
which created a westerly tilted basement with sediment deposits to the east (Færseth, 1996). 
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Fig. 1.5: (a) Main structural elements of the northern North Sea, resulting from Permo-Triassic 
extension, reveal the major faults and Nordfjord-Sogn detachment, (b) An E-W cross-section through 
the northern North Sea (marked in Fig. 1.5a) showing the sedimentation and major faults during syn- 
and post-rift times (modified after Færseth, 1996). 

The fault polarity change at 610N, between the Sogn Graben and the northern Horda Platform, 
created opposite facing half-grabens, constrained mainly by a pronounced basement shear zone 
known as the Nordfjord-Sogn detachment (Badley et al., 1988; Færseth et al., 1995; Færseth, 
1996) (Fig. 1.5a). This shear zone, interpreted as a Late Devonian extensional feature, separates 
Caledonian-influenced Precambrian rocks in the footwall to the south and metamorphosed 
Lower Paleozoic supra-crustals in the hanging wall (Klemperer, 1988; Fichler and Hospers, 
1990; Hospers and Ediriweera, 1991). Integrated seismic, gravity, and magnetic data show this 
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basement feature-oriented NE-SW across the northern North Sea. This feature is at an 
anomalously high structural level immediately to the southeast (i.e., Horda Platform). The 
detachment significantly influences the sedimentation between the northern and southern zones 
(reflected by thickness variations through syn-rift and post-rift time). The major and minor 
faults created by rifting and subsequent thermal subsidence within the area played an important 
role in structural deformation and sediment deposition (Jordt et al., 1995; Anell et al., 2009; 
Faleide et al., 2015).    

The study area is located in the Horda Platform, south of  610N, and consists of the selected 
CO2 storage sites Smeaheia and Aurora. The Øygarden Fault Complex bounds the Smeaheia 
area to the east and Vette fault to the west, while the Aurora area is located further west, 
bounded by the Tusse fault to the east and the Svartalv fault to the west (Fig. 1.5). Overall, the 
study area is significantly influenced by structural events that control the paleodeposition; 
hence, compositional variations both laterally and vertically.  

1.3.2 Lithostratigraphy 

In this research, two sets of reservoir-caprock pairs are studied, which belong to Smeaheia and 
Aurora injection sites. Stratigraphically, the Smeaheia site has a younger cap and reservoir 
rocks than Aurora, that were deposited in the Upper to Middle Jurassic and Lower Jurassic, 
respectively. In this thesis, we denoted the Smeaheia caprock and reservoir as pair-1, while the 
Aurora has been indicated as pair-2. A detailed lithological description of pair-1 and -2 are 
given below:  

Caprock-Reservoir pair – 1 
 
The reservoir and caprock of the Smeaheia injection site are deposited in the Upper to Middle 
Jurassic time, the same formations where the giant Troll field hydrocarbon accumulations 
occurred. The primary caprock is the organic-rich Draupne Formation shale, which is part of 
the Viking Group and deposited in the Upper Jurassic within the East Shetland Basin, the 
Viking Graben, and over the Horda Platform area (NPD CO2 Atlas, 2014). The thickness of this 
unit varies significantly within the Horda Platform area. The formation is deposited in an open 
marine environment with restricted bottom circulation and often with anaerobic conditions 
(NPD, 2022). It consists of dark grey-brown to black, usually non-calcareous, carbonaceous, 
and occasionally fissile claystone. This shale unit is characterized by high gamma-ray values 
(usually above 100 API) because of high TOC and Uranium content. Interbedded sandstone 
and siltstone, as well as minor limestone streaks and concretions, are also present. The Draupne 
Formation generally has a diachronous contact with the underlying Heather Formation (Fig. 
1.6). However, on the northern Horda Platform, the Upper Jurassic Sognefjord Formation 
sandstones mark the base of the Draupne Formation. The upper boundary of the Draupne 
Formation is usually marked by Cretaceous rock (Cromer Knoll Group), which has a higher 
velocity and lower gamma-ray response than the over and underlying rocks (NPD, 2022). 

The secondary caprock in the Horda Platform area is the Heather Formation shale overlying 
and inter-fingering with Krossfjord, Fensfjord, and Sognefjord formation sandstones of the 
Viking Group (Fig. 1.5). Heather Formation is also deposited in an open marine environment 
but contains comparatively less organic matter than Draupne shale and consists of mainly grey 
silty claystone with thin streaks of limestone (NPD, 2022).  The Heather Formation has 
significant thickness variations within the study area. Stewart et al. (1995) divided the Horda 
Platform’s Heather Formation into three sub-units (A, B, and C). In this research, we considered 
only the Heather C unit, which lies between Sognefjord and Draupne formations. 
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The Upper to Middle Jurassic Sognefjord, Fensfjord, and Krossfjord formation sandstones act 
as the main reservoir rock with good to moderate reservoir quality (Dreyer et al., 2005; Holgate 
et al., 2015; Fawad et al., 2021). The reservoirs are deposited in a coastal shallow marine 
environment while interfingering with Heather Formation (NPD, 2022).  

 

Fig. 1.6: A generalized stratigraphic succession of Horda Platform area covering the section from Lower 
Jurassic to the Quaternary system (modified after CO2 Atlas, 2014). 
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Caprock-Reservoir pair – 2 
 
The target Lower Jurassic sandstone reservoir (i.e., Johansen and Cook formations) for CO2 
injection in the Aurora site is stratigraphically older than that of the Smeaheia site (Fig. 1.6). 
The Lower Jurassic Drake and Amundsen (also called the Burton Formation) formation shales 
are the primary caprock. The Drake Formation mainly consists of marine shales (Steel, 1993) 
within the deeper parts of the sub-basins. Close to the basin margins, sandy deposits are 
comparatively higher to the deep basin (Vollset and Doré, 1984). In the study area, the 
formation can be divided into two parts based on the lithological variation. The upper part 
consists of heterolithic deposits comprising sandstones alternating with siltstones and 
claystones, while the lower part is clay dominated. Another caprock, the Amundsen shale, 
consists of light to dark grey, non-calcareous siltstones, and shales, and some parts are 
carbonaceous and pyritic (Vollset and Doré, 1984). However, the upper part of the Amundsen 
Formation shale is not laterally continuous in the Horda Platform area and therefore is not 
considered a formal top seal.  

The reservoir rocks, Johansen and Cook formation sandstones, are mainly separated by the 
upper part of the Amundsen shales and siltstones (Burton Formation). However, the Amundsen 
Formation has not been deposited in the entire region; hence, Johansen and Cook formations 
are juxtaposed and treated as one aquifer. The Johansen and Cook formation sandstones have 
good to moderate reservoir quality, and the aquifer's total capacity depends on the 
communication between them (Gassnova, 2012; NPD, 2022).   

 1.4 Thesis organization 

This Ph.D. dissertation is divided into three main sections. The first section is referred to as 
‘OVERVIEW OF THE Ph.D. DISSERTATION’, which is divided into six separate headings. 
The first part introduces the background, motivation, and objectives of the research, followed 
by the second part, which comprises the theoretical framework used in this study. The database 
and methods are introduced in the third and fourth parts, respectively. In addition, an overall 
summary of this study (Paper- 1 to -4) is described in the fifth part. Discussion of the major 
scientific contributions are also presented in the last subsection of the fifth part.  Relevant papers 
(RP-1 to -4) and conference proceedings (CP-1 to -4) have also been included in the fifth part. 
Finally, the last part (within section 1) covers the concluding remarks with a few suggestions 
for future research continuation. 

The second section of the dissertation consists of four published articles (Paper-1 to -4), where 
I am the first author in all the papers. In the third section, appendices are added, which is divided 
into appendix-1 and appendix-2. In appendix-1, four relevant first and second-author papers 
have been added (RP-1 to -4), while four conference proceedings are included in  appendix-2 
(CP-1 to -4).  
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2. Theoretical framework 

This part describes the fundamental theories for understanding the subsequent results. However, 
a detailed description of methods and workflows used to achieve the thesis goals are explained 
in a separate heading (Part 4). Structure of part-2 is followed by a sequence that first describes 
the effect of deposition and diagenesis on rock properties, which are followed by relevant 
theories of rock physics templates (Paper-1, RP-1 & -2, CP-1 to -3). Seismic inversion is out 
of scope of this work; however, the theoretical background is presented as the inverted 
properties are used in the geomechanical modeling workflow (RP-4). Basic concepts of the 
structural reliability analysis are also presented (Paper-2, RP-3). Finally, the pore pressure and 
stress coupling are explained using the poroelasticity theories that are the backbone of the 
numerical modeling work (Paper-3 & -4). Nano-indentation techniques are not described here 
(CP-4), but this method’s promising outcomes have been included in the discussion section 
(Part 5.2.4).          

2.1 Evolution of rock properties 

Rock properties of clastic rocks are described as the reservoir is sandstone, while the caprock 
mainly consists of shale. The diagenetic processes started altering the rock shortly after 
deposition, where the rock's composition plays a crucial role. Primary composition of the 
sediments is the result of complex processes including the function of provenance (rock 
erosion), transport, and depositional environments (Bjørlykke, 2015). Therefore, the diagenetic 
analysis must be linked with the paleo weathering and climate, sediment transport, facies 
models, and sequence stratigraphy that should be integrated with interdisciplinary basin 
analysis.  

Reservoir sandstones consist primarily of sand grain (>62 µm) with quartz, feldspar, and rock 
fragments. Sandstones also contain some portions of silt-sized grains (4-62 µm) and clay 
minerals (<4 µm). The most critical factor in reservoir quality prediction at depth is the primary 
clastic composition and the depositional environment. The sandstone reservoir quality is 
described in terms of its composition, textural parameters (i.e., grain size, sorting, and grain 
shape), total pore space called porosity, and connectivity of the pores termed permeability 
(Folk, 1980; Wentworth, 1922). 

In contrast, the caprock shale or mudstones, which make up 75% of the global sedimentary 
record (Sayers, 1994; Hornby, 1998; Aplin and Macquaker, 2011), mainly consists of clay and 
silt size particles. Mudstones differ from other clastic rocks in terms of composition, porosity, 
permeability, and heterogeneity (Storvoll et al., 2005; Mondol et al., 2011, 2008; Hart et al., 
2013).  Shale can also deposit in a wide range of environments (i.e., floodplains, lakes, 
shoreface, prodelta, abyssal plains, etc.); from different origins (i.e., weathering products, 
biogenic remains), and through a multitude of post-depositional processes (i.e., bioturbation, 
compaction, cementation, recrystallization, dissolution, organic maturation, etc.). These various 
processes lead to significant changes in grain size, and mineralogy within shales, which are the 
main controlling parameters influencing their properties. Furthermore, fabric of clay and non-
clay minerals, mineral aggregates, porosity, and organic matter play a significant role in shale 
anisotropy.  

The dominant assembly of clay minerals characterize the shales or mudstones with variable 
portions of quartz, feldspar, pyrite, and carbonates (dolomite, calcite, and siderite). However, 
clay minerals (mainly smectite, illite, kaolinite, and Chlorite) are not always the dominant 
minerals in shale. Other minerals such as quartz, feldspar, pyrite, and carbonates (e.g., dolomite, 
calcite, and siderite) can be present in variable proportions such as fine-grained detrital or 
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diagenetic grains. These mineralogical constituents can be sourced from terrigenous material, 
including clay and silt-sized siliciclastic minerals (e.g., clay minerals, quartz, feldspar, rock 
fragments, and terrigenous type III organic matter), biogenic components containing calcite, 
silica/opal, phosphate, and type I and II organic matters and diagenetic products such as pore-
filling carbonate cement and concretions, pyrite framboids and crystal, overgrowth/pore-filling 
silica cement and clay minerals (Hart et al., 2013). The relative proportion of these constituents 
varies within the shale rocks due to the difference in depositional processes and diagenetic 
pathways. Initial clay composition is influenced by diagenesis, which is important for 
determining the properties (i.e., velocity and density) of mudrocks and shales (Mondol et al., 
2008, 2007). The organic content within organic-rich shale also influences the properties, 
usually expressed as volume percent of kerogen (v. %) or as TOC (total organic carbon) in 
weight percent (wt. %). A source rock can have anywhere from 2-3% to more than 20% by 
weight TOC (Gautier, 2005). The type, amount, and maturity of kerogen significantly influence 
the shale properties. Generally, high TOC shales show a high gamma-ray signature with low 
density and velocity compared with inorganic shales at similar burial depths (assuming similar 
compaction), indicating that TOC has a substantial effect on velocity and density (Hansen et 
al., 2020). Moreover, thermal maturation of the organic matter, cracking of kerogen, and 
generation/expulsion of oil and gas (Tissot and Welte, 1984) might further alter the acoustic 
properties (Vernik and Nur, 1992; Allan et al., 2016).  

Two types of compaction processes (diagenesis) alter the rock after deposition to deep burial. 
The mechanical compaction (MC) defines rock property changes as a function of effective 
stress due to the overburden load of sediments and usually occurs at low temperature (less than 
60-700C) corresponding to depths less than 2km  (Bjørlykke and Høeg, 1997; Bjørlykke, 2014). 
When temperature increases, the sediment crosses the transition zone (TZ), and enters into the 
chemical compaction (CC) domain. This compaction zone is dependent on temperature and 
time. Compaction trends between caprock shales and reservoir sandstones vary significantly 
(Fig. 2.1). Sandstone compaction is initially a function of mechanical crushing and reorientation 
(Chuhan et al., 2002; Fawad et al., 2011) up to a specific temperature (70-800C) where the 
chemical precipitation of mineral cement takes over and stiffens the rock (Bjørlykke et al., 
1989; Thyberg and Jahren, 2011). A small amount of quartz cement is required to stiffen the 
rock and inhibit further mechanical compaction (Lander and Walderhaug, 1999; Bjørkum et al., 
2001).  In mudstone or shale, the initial high porosity rapidly decreases during the initial stage 
(Mondol et al., 2008, 2007) of burial by rearranging the platy clay minerals (Fig. 2.1). After 
reaching transition temperature (~700C), thermodynamically unstable smectite mineral, if 
present, transforms to illite in the presence of potassium, a process that releases water and 
precipitates micro quartz cement (Bjørlykke et al., 1989; Bjørlykke, 1998; Thyberg and Jahren, 
2011). A similar chemical alteration occurs if unstable kaolinite clay mineral is present, but the 
transition temperature (~1200C) is much higher than that of smectite alteration. The type of clay 
minerals within shales are strongly dependent on the provenance, tectonic settings, and erosion 
and particle transportation rate from sediment source to deposition (Bjørlykke, 2015).       
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Fig. 2.1: The porosity reduction trends for sand and shale show variations in different compaction zones. 
The different arrangements of shale and sand grains with depth are also illustrated (modified after 
Avseth et al., 2010, 2005). MCZ = Mechanical Compaction Zone; TZ = Transition Zone and CCZ = 
Chemical Compaction Zone. 

2.2 Rock Physics model 

Rock physics provides a link between rock properties (i.e., porosity, shale volume, sorting, fluid 
content, organic content, etc.) and seismic properties (i.e., compressional velocity - Vp, shear 
velocity - Vs, acoustic impedance - AI, shear impedance – SI, etc.). For instance, if the 
mineralogical and fluid compositions of a rock, the modulus and density of each mineral type, 
and fluid and texture and pore geometry of the rock are known, we can theoretically estimate 
the effective velocities and impedance of that rock unit (Mavko et al., 2009). Therefore, the 
rock physics model is necessary to extract geological information from seismic or vice versa.  

An important parameter in the rock physics model is the upper and lower bounds, which can be 
predicted by assigning values to the two first prerequisites (i.e., volume fractions and elastic 
properties of each phase) and excluding the geometries. The upper and lower elastic bounds, 
such as the Voigt (upper), Reuss (lower), or Hashin-Shtrikman (denoted H-S+ and H-S-) bounds, 
are shown in figure 2.2 (Hashin and Shtrikman, 1963), which assume isotropic, linear, and 
elastic constituents of the rock. The modified Hashin-Shtrikman bound for critical porosity is 
also useful for practical rock physics applications (Fig. 2.2b). Although the elastic bounds are 
based on a simple assumption, rock physics analysis must consider these physical bounds in the 
template.     
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Fig. 2.2: (a) The upper and lower bounds on a velocity versus porosity plot show Voigt and Reuss 
bounds (adapted from Mavko et al., 2009), and (b) Hashin-Shtrikman bounds on bulk modulus and the 
modified version for critical porosity (Nur et al., 1998, 1991) for a quartz water system (adapted from 
Avseth et al., 2010). 

Many different models for sandstones exist, where a hybrid cement model is frequently used in 
Norwegian Continental Shelf. The model includes a combination of the friable sand, constant 
(Avseth et al., 2000), and contact (Dvorkin et al., 1994; Dvorkin and Nur, 1996) cement models 
(Fig. 2.3a). These models use modified H-S bounds to describe the sorting and cementation of 
sands by interpolation between high porosity and low porosity end members. The dry elastic 
properties at the critical porosity point (high porosity end) are calculated using Hertz-Mindlin 
(H-M) contact theory (Mindlin, 1949). However, most rock physics models are constrained by 
local conditions such as depth, temperature, mineralogy, fluid properties, etc. Combining the 
rock physics models and the above-mentioned theories, a rock physics template can be 
established (Avseth and Odegaard, 2004) and used to directly interpret seismic inversion data 
(Fig. 2.3b). 

 

Fig. 2.3: (a) The sandstone models for sorting and cementation in elastic modulus versus porosity plot, 
(b) Rock physics template in AI-Vp/Vs plot shows the variation due to various lithology, porosity and 
different gas saturations in sandstones. The arrows indicate the theoretical trends on a given brine 
saturated sandstone point: (1) increasing clay content, (2) increasing cement volume, (3) increasing 
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porosity, (4) decreasing effective pressure, and (5) increasing gas saturation (adapted from Avseth et al., 
2005). 

As discussed earlier, the shales are different from sandstones in many ways. Hence, their rock 
physics models are also different. A semi-empirical shale compaction model named Dvorkin-
Gutierrez silty shale model is described in Avseth et al. (2005), where the saturated elastic 
moduli of shale are estimated by using the H-S lower bound as a function of clay content, 
assuming adding silt grains consist of 100% quartz. This model is relatively simple and not very 
applicable to typical mudstone texture and pore pressure; however, it can be a good predictor 
of the depth-dependent relationship between the elastic properties of shale (Avseth et al., 2005). 
Additionally, few shale models have targeted the effect of geomechanical property (such as 
brittleness) and mineralogy, typically in unconventional exploration settings (Grieser and Bray, 
2007; Guo et al., 2012; Perez and Marfurt, 2014; Johson, 2017). A few of these models have 
been used in this study, which is described under methodology subsections (part 4). However, 
these models are basin-specific in many cases and need careful attention when attempting to 
apply them globally. Furthermore, a relatively accurate assumption about mineralogical 
composition must be made for the models to be accurate (Vernik, 2016); hence, a simple local 
empirically calibrated model is desired, which in some cases may serve the purpose better 
(Avseth et al., 2005; Mavko et al., 2009). 

2.3 Principle of seismic inversion 

P-wave velocity (Vp), S-wave velocity (Vs), and bulk density (ρ) can be used to describe any 
layer of rock. Considering a simplified earth model (isotropic, elastic and homogeneous), the 
seismic wave velocities can be defined as: 

𝑉 =
/ µ

                                                           (2.1) 

𝑉 =
µ
                                                                   (2.2) 

where K is the bulk modulus, and µ is the shear modulus. The same can be expressed by 
combining density with Young’s modulus (E) and Poisson’s ratio (υ).  The reflectivity or 
reflection coefficient of any interface between two subsurface layers is dependent on the 
impedance (i.e., density × velocity) of that layers. The reflectivity of a seismic P-wave normal 
incidence (i.e., zero offset) is: 

𝑅 (0) =
 

 
                                                        (2.3) 

where AI is the P-impedance and subscripts 1 and 2 denote the upper and lower layers, 
respectively. The effect of offset (incident angle) denoted as AVO (amplitude versus offset) can 
be resolved using the Zoeppritz equation. Shuey (1985) approximates three-term to the 
Zoeppritz equation for P-wave (Vp) reflectivity, which is denoted as: 

𝑅 (𝜃) ≈  𝐴 + 𝐺𝑠𝑖𝑛 𝜃 + 𝐶(𝑡𝑎𝑛 𝜃 − 𝑠𝑖𝑛 𝜃)                           (2.4) 

where 𝐴 is the amplitude at normal incident reflectivity 𝑅 (0) also known as intercept, G is 
called AVO gradient, which describes the amplitude variation at intermediate offsets, and term 
C represents curvature or behavior at far offsets which is excluded in some approximations and 
practical applications.   
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In the acoustic impedance inversion process, we can recover the P-impedance/acoustic 
impedance (AI) from the recorded seismic signal inversion using the recursive equation 
proposed by Lindseth (1979):  

𝐴𝐼 = 𝐴𝐼
( )

( )
                                                      (2.5) 

Combining the three-term AVO extraction and impedance inversion into a single step, the 
inversion equation (Fatti et al., 1994) can be written as:  

𝑅 (𝜃) ≈ (1 + 𝑡𝑎𝑛 𝜃) − 8 𝑠𝑖𝑛 𝜃                                (2.6) 

where SI is shear impedance. Hampson et al. (2005) later modified the equation using a small 
reflectivity approximation and stated that: 

𝑇(𝜃) = �̃� 𝑊(𝜃)𝐷𝑙𝑛(𝐴𝐼) + �̃� 𝑊(𝜃)𝐷𝛥𝑙𝑛(𝑆𝐼) + 𝑐 𝑊(𝜃)𝐷𝛥𝑙𝑛(𝜌)                      (2.7) 

where T(θ) represents a seismic trace at a given angle θ, while the angle-dependent wavelet 
matrix and the derivative matrix are denoted as W and D, respectively. Additionally, the 
deviation from the background linear trends is indicated using the term Δln(SI) and Δln(ρ). The 
term �̃�  is modified from the original term (𝑐 = 1 + 𝑡𝑎𝑛 𝜃) using the regression coefficients 

from the background trend, �̃� =  0.5𝑐 =  −4 𝑡𝑎𝑛 𝜃, and 𝑐 =  −0.5𝑡𝑎𝑛 𝜃 +

2 𝑠𝑖𝑛 𝜃. The term �̃�  is stated as: 

�̃� =  0.5𝑐 + 0.5𝑘𝑐 + 𝑚𝑐                                                    (2.8) 

The missing low-frequency information is retrieved iteratively from the low-frequency 
background model (Yenwongfai et al., 2017).   

2.4 Concept of reliability analysis 

The reliability of a structure depends on the uncertainties of the applied load (S) and the 
resistance (R). Considering normal distribution, the failure probability is assessed directly by 
the safety margin M and denoted as: 

𝑀 = 𝑅 − 𝑆                                                                  (2.9) 

and the probability of failure might be assessed through: 
 

𝑃 = P(R − S ≤ 0) = P(M ≤ 0)                                                 (2.10) 

where M is normally distributed with mean 𝜇 = 𝜇 − 𝜇  and standard deviation 𝜎 =

𝜎 − 𝜎 . The failure probability can be determined by the use of the standard normal 
distribution function as: 

𝑃 = 𝜙 = 𝜙(−𝛽)                                                           (2.11) 
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where 𝜇 /𝜎 = 𝛽 is called the reliability index, which is the standard deviation by which the 
mean value of the safety margin M exceeds zero or most likely exceeds the failure point (Fig. 
2.4). However, if several random variables are acting, the safety margin M will be expressed 
by the function of the same random variables and statistically dependent: 

𝑀 = 𝑅 − 𝑆 = 𝑓 (𝑋) − 𝑓 (𝑋) = 𝑔(𝑋)                                                (2.12) 

where X is a vector of basic random variables, and the function g(X) is denoted as the limit 
state function, which is a boundary between desired (g(X)>0) and undesired (g(X)≤0) 
performance of any structure (Ditlevsen and Madsen, 2007).  

 

Fig. 2.4: Normally distributed safety margin M showing the boundary between the desire and undesired 
numbers of events (modified after Faber (2009).   

2.5 Pore pressure and stress coupling 

Injection of supercritical carbon-di-oxide (CO2) into the reservoir may increase the pore 
pressure spatially. In response to that, mechanical stresses within the reservoir change. 
However, the stress change is transferred far beyond the injected reservoir intervals to the 
surrounding formations. The biggest changes occur near the wellbore while gradually declining 
away from the injectors. The spatial deviation of the pore pressure depends on the reservoir 
quality, such as porosity and permeability. Due to these injection-induced stress changes, the 
rock deforms with the magnitude depending on the mechanical properties of the rocks. 
Therefore, the optimal injection fluid volume needs to be estimated so that the stress does not 
exceed failure strength or weaken the rock, creating new faults and fractures or reactivating the 
existing faults. If the injection-induced pressure exceeds the threshold, new leakage pathways 
for CO2 plumes may be created. Therefore,  it is necessary to avoid stress increases beyond the 
fracture pressure limit, rock strength, or friction along fault/fracture planes (Bjørnarå, 2018).  

The total vertical stress (σv) is generated from the overburden, which is carried out by the grain 
framework (solid phase) and the pore pressure (fluid phase) within any subsurface layer (i.e., 
caprock and reservoirs). In any subsurface interval, the pore pressure always counters the 
overburden stress; hence, less impact of total stress on the grain framework. Therefore, effective 
stress is equal to the overburden vertical stress minus the pore pressure. The effective stress is 
an important input to evaluate the stress influence on rock failure because it is the stress 
transmitted through the gain contacts (Fig. 2.5). Terzaghi (1943) first introduced this concept, 
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who stated that the effective stresses are different from either total stress or pore pressure. The 
concept is used today, where the influence of pore pressure changes the state of stress 
quantified. However, the differential stress (i.e., maximum minus minimum principal stresses) 
is always constant in response to pore pressure change because the pore pressure acts equally 
on all three principal stresses direction and not at all on the shear stresses.  The mean effective 
stress (i.e., the average of principal stresses) changes with pore pressure.   

 

Fig. 2.5: The overburden stress is counteracted by the mineral grain framework and pore pressure 
(modified after Bjørlykke, 2015). 

2.5.1 Poroelasticity 

A geomechanical model can describe the interactions between the solid phase of the porous 
media and the fluid phase in the pore space. Poroelasticity is the constitutive behavior of a fluid-
saturated rock, which is a linearized solution, described as the compressibility and other 
constitutive coefficients. The theory is assumed to be independent of stress because the stress 
increments are small enough that the consequences can be considered negligible.  

The poroelasticity concept is based on the effective stress theory (Terzaghi, 1925), which is the 
part of the total stress that causes the deformation of the porous media. The previous section 
gives a detailed description of the effective stress; however, the sign convention is not 
explained. Negative confining stress (Fig. 2.6a) is used for an extensional stress regime, while 
a positive sign is used in the compressive regime (Fig. 2.6b). Therefore, the total stress (σ) of a 
porous media with the incompressible grain is given by: 

𝜎 = 𝜎 − 𝑝    [Extensional]                                                       (2.13) 

𝜎 = 𝜎 + 𝑝      [Compressional]                                                  (2.14) 

where 𝑝  is the stress the pore fluid exerts on the solid. 

For a poroelastic material where the grains are compressible, it can be defined using Biot’s 
theory of linear poroelasticity and denoted as: 

𝜎 = 𝜎 − 𝛼𝑝    [Extensional]                                                    (2.15) 

𝜎 = 𝜎 + 𝛼𝑝      [Compressional]                                                (2.16) 
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where effective stress is denoted as 𝜎  following Lewis et al. (1998) and α is the Biot’s 
coefficient which is defined as: 

𝛼 = 1 −                                                                                  (2.17) 

where 𝐾 is the bulk modulus of the rock and 𝐾  is the bulk modulus of the grains (solid 
constituents of the porous medium). The magnitude of the 𝜎  and 𝜎  are not equal though used 
by the same constitutive relations; however, the total stress will be the same regardless of the 
compressibility of the solid constituents. 

 

Fig. 2.6: The sketch illustrated a pore space within a solid in an extensional (a) and compressive (b) 
regimes (modified after Bjørnarå, 2018). Please note that the sign convention of confining pressure 
varies for the different regimes.  

The stress is a critical parameter in rock mechanics, which is coupled with the pore pressure 
change. If a surface force �⃗�  is acting on a surface A in any arbitrary direction, the stress vector 
𝑇 can be defined as: 

𝑇 = lim
⟶

⃗
                                                               (2.18) 

�⃗�  can be divided into two stress components such as normal stress (𝜎 ) and shear stress (𝜏): 

𝜎 = lim
⟶

⃗
,                  𝜏 = lim

⟶

⃗
                                                (2.19) 

The state of stress at any infinite volume element (i.e., 𝛥𝐴 ⟶ 0) can be described by all the 
normal and shear stresses acting on it. Mathematically the stress tensor  𝜎  for a three-
dimensional cartesian coordinate system with the axes x, y and z can be stated that: 

𝜎 =

𝜎 𝜎 𝜎
𝜎 𝜎 𝜎
𝜎 𝜎 𝜎

                                                      (2.20) 

where the first index 𝑖 stands for the surface normal to the stress component and 𝑗 indicates the 
direction of the stress component acting on the plane. For the normal stress condition 𝑖 = 𝑗 
while the shear stress specified 𝑖 ≠ 𝑗. While performing a principal axis transformation, only 
the three normal stresses are converted and called principal stresses. The maximum principal 
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stress (𝜎 ), the intermediate principal stress (𝜎 ), and the minimum principal stress (𝜎 ) define 
the stress tensor, which are 𝜎 , 𝜎  and 𝜎  in a three-dimensional coordinate system.  

2.5.2 Tectonic stress regime 

The principal stresses are always perpendicular to one another. The surface of the earth is 
normally considered a stress plane and has two horizontal principal stresses, often termed as 𝜎  
and 𝜎 . Both stresses are perpendicular to each other, where subscript H and h indicate the 
magnitude (i.e., 𝜎 >  𝜎 ). The vertical stress (𝜎 ), which is approximately the weight of the 
rock, is considered to be the third principal stress. The magnitude and order of these principal 
stresses may vary between locations, and the type of faulting is related to the combination of 
stresses. Anderson (1905) categorized three types of faults based on the magnitude of the 
principal stresses, which is called Andersonian fault classification (Fig. 2.7). Depending on the 
magnitude, differences between the principal stresses following three main faults/stress regimes 
can be defined: 

 Normal faulting/extensional stress regime: 
- 𝜎 =  𝜎 >  𝜎 =  𝜎 >  𝜎 =  𝜎  
- Failure on steeply dipping planes at < 450 to 𝜎  (the vertical stress) 

 Reverse (thrust) faulting/compressional stress regime: 
- 𝜎 =  𝜎 >  𝜎 =  𝜎 >  𝜎 =  𝜎  
- Failure on shallowly dipping planes at < 450 to 𝜎  (the maximum horizontal 

stress) 
 Strike-slip or wrench faulting/ strike-slip stress regime: 

- 𝜎 =  𝜎 >  𝜎 =  𝜎 >  𝜎 =  𝜎  
- Failure is horizontal on near-vertical planes striking/trending  < 450 to 𝜎  (the 

maximum horizontal stress) 

 Two intermediate stress regimes also can occur between (1) extensional and strike-slip stress 
regimes, and (2) between compressional and strike-slip stress regimes. The stress state allows 
us to identify the fault orientation; however, we must keep in mind that the stress state can 
change during production/injection, especially when the stress state is close to the various 
regimes. 

Although the pore pressure does not change outside the reservoir, the induced stress 
(injection/production) will transfer to the overburden, sideburden, and underburden. The pore 
pressure and deformation changes lead to variations in the differential stress (maximum minus 
minimum principal stresses) of the system and can reactivate existing faults/fractures. In 
general, the poro-perm within the reservoir is higher than the caprock and overburden; hence, 
the direct pressure change observed is inside the reservoir. However, due to the stress transfer 
from the reservoir to the caprock, the effect should influence the strength of the cap and 
overburden rocks. 
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Fig. 2.7: Illustration of the changes of principal stresses direction and intensity in different fault 
classifications (a) normal faulting, (b) thrust faulting, and (c) strike-slip regimes. (modified after 
Eisbacher, 1996 cited in Altmann, 2010). 

2.5.3 Failure mechanisms 

The seal integrity (i.e., caprock and faults) in any CO2 injection site depends on the function of 
the stress field and failure criteria; hence, comparative analysis between them is essential. A 
detailed description of Mohr-Coulomb failure criteria is addressed out of other commonly used 
failure criteria (i.e., Griffith criterion, Drucker-Prager, Von-Mises, Tresca, etc.) because this 
criterion is used in failure assessment studies (both analytical and numerical models).  

Based on the principal stresses 𝜎  and 𝜎  acting on an arbitrarily oriented shear fracture plane 
in a rock sample, Mohr (1882) developed a graphical tool which is called the Mohr circle. When 
the Mohr circle is displayed in a shear versus normal stress diagram, it is called a Mohr diagram 
(Fig. 2.8a). The semicircle shape describes all possible shear and normal stress combinations 
on a potential failure plane oriented between 00 ≤ θ ≤ 900.  The center of the circle is determined 
by (𝜎 + 𝜎 )/2, while the radius (maximum shear stress) is given by (𝜎 − 𝜎 )/2. (𝜎 − 𝜎 ) 
is also called differential stress 𝜎 . The maximum shear stress occurs at 2θ = 900, which 
indicates a 450 angle between the fracture plane and the principal stresses.  

The Coulomb (1776) failure envelope, which is a straight line in a shear versus normal stress 
diagram, can be stated as: 

𝜏 = 𝑆 + µ∗𝜎                                                            (2.21) 

where S0 is cohesion (a material property) and µ∗ is the coefficient of internal friction, and the 
typical values are 0.5 < µ∗ <1 (Sibson, 2000).  The frictional coefficient can be expressed by 
the angle ϕ between the abscissa and the straight line (Fig. 2.8b) and stated that: 

µ∗ = 𝑡𝑎𝑛𝜙                                                               (2.22) 

Mohr diagrams, together with equation 2.21, can determine the stability of any rock body. The 
rock is stable as long as the stress state described by Mohr circles lies under the failure envelope. 
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However, the rock becomes unstable if the failure envelope becomes tangential to or is cut 
through by the Mohr circle (Fig. 2.8b).  

 

Fig. 2.8: The Mohr circle plotted in normal vs. shear stress illustrated all possible combinations of 
normal and shear stresses for one state of stress, depending on the orientation (2ϑ) with respect to the 
principal axes (a).  The Mohr-Coulomb failure criteria described stable and unstable stress states based 
on the mathematically described failure envelope line (b). The failure envelope depends on the cohesion 
(S ), the angle of internal friction (µ∗) and the normal stress (𝜎 ). Note that the red Mohr circle is in an 
unstable stress state condition (modified after Altmann, 2010). 

Based on the Mohr-Coulomb failure criterion, there are two modes of failure generally 
considered: 

 Shear failure of intact rock 
 Tensile failure of intact rock 

The normal stress 𝜎  acting on a plane with angle θ can be expressed in terms of principal stress 
magnitude (Ramsay, 2000; Vidal-Gilbert et al., 2010; Zoback, 2010). In isotropic horizontal 
conditions, it is expressed as:  

𝜎 = + 𝑐𝑜𝑠2𝜃,                                                   (2.23) 

and the shear stress τ is: 

𝜏 = 𝑠𝑖𝑛2𝜃                                                         (2.24) 

To define the failure criteria, we have to estimate effective stresses. The effective normal stress 
is expressed as the difference between the applied stress and the pore pressure inside the 
samples: 

𝜎 = 𝜎 − 𝑝                                                                   (2.25) 

where p is the pore pressure, which describes the effective state of stress by reducing the normal 
stress by the magnitude of the pore pressure. Therefore, if the total stress is assumed to be 
constant, the higher the pore pressure, the lower the effective stresses, and vice versa. Under 
the assumption of constant total stresses, pore pressure only influences the effective normal and 
effective principal stresses but not shear stresses. Therefore, Mohr circles do not change 
diameter but rather a horizontal position. This explains the higher failure risks during CO2 
injection. Due to increasing pore pressure, the Mohr circle moves to the left towards the failure 
envelope and becomes unstable.  
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 The reactivation of an existing cohesionless fault or fracture is more likely to occur before the 
shear failure of intact rock (Fig. 2.9). The friction angle property of rocks also varies between 
themselves and can intersect such that the likely failure mechanism changes. In addition, the 
existing fault or fracture zones are structurally complex and not well-understood, despite 
significant research and publications on the topic (Færseth et al., 2007, 1984; Zieglar, 1992; Jev 
et al., 1993; Gibson, 1994; Yielding et al., 1997; Kim et al., 2003; Færseth, 2006; Faulkner et 
al., 2010; Rahman et al., 2021;). Furthermore, most fault zones are beyond seismic resolution 
and contain several major slip surfaces (Gibson, 1994; Childs et al., 1997; Foxford et al., 1998; 
Walsh et al., 1998; Doughty, 2003; Færseth et al., 2007;). These uncertainties significantly 
influence the prediction and quantification of reactivation processes.   

 

Fig. 2.9: The shear stress versus effective normal stress plot shows the Mohr diagram with various 
failure modes such as shear failure and fault reactivation (modified after Bjørnarå, 2018; Mathias et al., 
2009).   

2.5.4 Horizontal stress approximation 

The horizontal stress approximation in any sedimentary basin is essential to define the stress 
state condition, which can be estimated using various techniques. The stress state of horizontal 
stresses can be determined by 𝑘  method, which is the ratio between the effective minimum 
horizontal stress and the effective vertical stress. This method has been widely used to describe 
the state of stress in any basin (Engelder and Fischer, 1994; Addis, 1997; Hillis, 2003; Tingay 
et al., 2003) and stated that: 

𝑘 =                                                                            (2.26) 

The vertical stress 𝜎  in any subsurface point can be estimated as the total weight of the 
overlying rocks and fluids. Therefore, we can rearrange equation 2.26 and approximate the 
horizontal stress: 

𝜎 = 𝑘 𝜎 + (1 − 𝑘 )𝑝                                                             (2.27) 

The compaction-induced changes in the total vertical stress are minimal for laterally extensive 
reservoirs, assuming equal elastic properties for the reservoir and overburden (Geertsma, 1973). 
Hettema et al. (2000) show in a numerical solution that the stiffness contrast has a very 
negligible effect on the vertical total stress change in a laterally extensive reservoir. However, 
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the horizontal stress path is very sensitive to the pore pressure changes. The explanation is that 
the ground surface is a free boundary surface while there are constraints in lateral strains 
(Bjørnarå, 2018).    

The change of horizontal stresses by reservoir operations can be expressed using the horizontal 
stress path or pore pressure-stress coupling coefficients where the change in horizontal stress is 
proportional to the change in pore pressure and stated as (Hettema et al., 2000):  

𝛾 =
∆

∆
= 𝛼                                                            (2.28) 

𝛾 =
∆

∆
= 𝛼                                                            (2.29) 

where ∆𝑃 is the pore pressure change, 𝛼 is Biot’s coefficient or effective stress parameter, and 
𝜐 is the Poisson’s ratio. Differentiating equation 2.27 with respect to pore pressure 𝑝, we can 
state: 

= (1 − 𝑘 )(1 − ∆𝑘 )                                                       (2.30)     

Considering the Biot’s coefficient is equal to 1, equations 2.26 and 2.27 can be seen that: 

 𝑘 =                                                                        (2.31) 

Therefore, if we know the Poisson's ratio of the rocks, we can approximate the change of the 
stress state of any basin using the assumption of elasticity.  

How the pore pressure stress coupling affects the state of stress and rock stability in different 
stress regimes (i.e., normal, reverse, and strike-slip) are illustrated by the Mohr diagram in 
figure 2.10.   In a normal faulting regime, the effective vertical stress is reduced by the amount 
of pore pressure increase, while the effective horizontal stress is decreased not by pressure but 

by the strength of the coupling (
∆

∆
). Therefore, the effective differential stress decreases due 

to increasing pore pressure with a smaller Mohr circle (grey) compared to the initial circle (Fig. 
2.10a). The resulting effective stresses under consideration of pore pressure stress coupling are 
expressed by: 

𝜎 = 𝜎 − ∆𝑃                                                                (2.32) 

𝜎 = 𝜎 +
∆

∆
. ∆𝑃 − ∆𝑃                                                         (2.33) 

where 𝜎  and 𝜎  represent the initial effective state of stress, ∆𝑃  is the pore pressure change 
and 𝜎  & 𝜎  are the effective state of stress after pore pressure change.  

The pore pressure change has the opposite effect in a reverse faulting regime compared to a 
normal faulting regime. The differential stress increases (larger Mohr circle) due to injection-
induced pore pressure increase (pore pressure stress coupling), and the Mohr circle moves to 
the left towards the failure envelope (Fig. 2.10b). Both maximum and minimum horizontal 
stresses are equally affected by pore pressure coupling in a strike-slip regime. Therefore, the 
size of the Mohr circle does not change; however, the circle horizontally shifts during injection 
or depletion (Fig. 2.10c).  
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Fig. 2.10: The Mohr-Coulomb diagram for various stress regimes (a) normal faulting, (b) reverse/thrust 
faulting, and (c) strike-slip faulting. The effect of pore pressure changes on the Mohr circle is also 
illustrated (modified after Altmann, 2010).  

2.5.5 Poromechanical coupling  

The study of mechanical deformation of a fluid-saturated porous rock mass is called 
poromechanics. Fluid flow through the interconnected pores and the geomechanical 
deformation are coupled processes like the stress and pore pressure change. A fluid-saturated 
porous medium can deform by changing the external load or internal pore-fluid pressure. An 
external load (i.e., overburden stress) will compress both the rock framework and the pore 
volume. The reduced pore volume will compress pore fluid in a rapid load situation, increasing 
pore-fluid pressure. On the contrary, slow overburden stress allows the fluid to escape with no 
pressure increase. This phenomenon can be described as the coupling that occurs through 
deformation and pore-fluid interaction and is called it direct hydro-mechanical (HM) coupling 
(Kümpel, 2002; Rutqvist and Stephansson, 2003; Fig. 2.11). The criteria stated that: 

1. a solid-to-fluid coupling that occurs when a change in applied 
stress produces a change in fluid pressure or fluid mass; 

2. a fluid-to-solid coupling that occurs when a change in fluid 
pressure or fluid mass produces a change in the volume of the 
porous medium. 

In these cases (i.e., 1 & 2), the cross-sectional area will be reduced due to the reduction of pore 
volume, which is influenced by the reduction of fluid flow capacity. Due to compression stress, 
there might be more grain-to-grain contacts, and as a result, the rock might become stiffer. 
These changes lead to an indirect HM coupling where the mechanical and hydraulic processes 
affect each other through material property changes. The indirect HM coupling phenomenon’s 
are: 

3. a solid-to-fluid coupling that occurs when applied stress 
produces a change in hydraulic properties; 

4. a fluid-to-solid coupling that occurs when a change in fluid 
pressure produces a change in mechanical properties 

All the coupled processes may be fully reversible except for inelastic responses such as 
yielding, fracturing, or fault slip, which are irreversible in porous and fractured media. The 
direct HM coupling (no. 1 and 2) is also crucial in relatively soft and low-permeability rocks 
and soils, while the indirect (no. 3 and 4) coupling tends to be most important in fractured rock 
as an intact rock with flat intergrain micropores (Rutqvist and Stephansson, 2003).  
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Fig. 2.11: Hydromechanical (HM) coupling in a porous media shows the direct (1&2) coupling through 
pore volume change and indirect (3&4) coupling through changes in material properties (modified after 
Rutqvist and Stephansson, 2003). 

2.6 Modeling approach 

2.6.1 Analytical model 

An analytical model is a quantitative analysis of a specific question to answer or make a specific 
design decision. Different analytical models are required to address different aspects of the 
system, such as performance, reliability, or mass properties. Furthermore, this model needs to 
justify sufficient precision, and the model input parameters need to check the reliability. 
Therefore, the input parameters sensitivity is required to validate the models' accuracy.    

2.6.2 Numerical simulation 

The numerical solution, such as the finite element method, is used when the mathematical 
problem is too complex to solve analytically. For instance, a field-scale 3D geomechanical 
model is complex and has tens of thousands of grids; hence needs a finite element method to 
solve the model. Each grid consists of nodes at the corners and integration points inside the 
grid. The simulator (finite element solver) solves the partial differential equations for each grid 
iteratively and finishes the calculation when the solution is within a certain limit. The accuracy 
of the solution depends on the grid resolution means the smaller the grids, the better the solution. 
However, higher resolution often increases the computation time. Therefore, one must 
compromise between these two factors when solving a numerical model.  
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3. Database 

This part describes the main database used in the Ph.D. research. Different subsets of data have 
been investigated to achieve the individual paper's objective. However, the overall database is 
introduced here.  A description of the individual paper datasets is given in part four. Although 
the primary objective of this research is to evaluate the Smeaheia and Aurora CO2 injection 
sites, a broader area is considered to evaluate future injection sites (Paper-1). According to 
Longship (2020), the total amount of CO2 will be increased from 1.2 to 5 GT/year in the future 
if the EU demands increase. The first phase of infrastructure installation, additional injection 
sites, and exploration within the studied area will have a higher priority. Therefore, the wireline 
log-based analysis is carried out regionally, covering the structural elements named by NPD 
(2021), such as Bjørgvin Arch (BA), Stord Basin (SB), Lomre Terrace (LT), Oseberg Fault 
Complex (OFC), Brage Horst (BH), Flatfisk Slope (FS), Uer Terrace (UT), Mokkurkalve Fault 
Complex (MFC), Tjalve Terrace (TT), and Marflo Spur (MS) (Fig. 3.1).        

 

Fig. 3.1: Map of the study area shows wells (black circles), faults and structural elements boundary 
(black lines e.g., BA = Bjørgvin Arch; BH = Brage Horst; FS = Flatfisk Slope; HP = Horda Platform; 
LT = Lomre Terrace; MS = Marflo Spur; SB = Stord Basin; TT = Tjalve Terrace; UT = Uer Terrace; 
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Faults:  BF = Brage Fault; IF = Idunn Fault; KF = Kinna Fault; MFC = Mokkurkalve Fault Complex; 
OFB = Oseberg Fault Block; TF = Tusse Fault; TrF = Troll Fault; ØFC = Øygarden Fault Complex). 
The grey shaded polygons illustrate the hydrocarbon fields and discoveries (e.g., B = Brage; OB = 
Oseberg; TE = Troll East; TW = Troll West) in the study area. The blue boundaries represent 3D seismic  
cubes GN10M1 and GN1101. Grey dashed lines indicate the 2D seismic lines. The first CCS license 
(EL001) in offshore Norway is marked by a violet polygon.  

3.1 Exploration wells 

A total of 64 exploration well datasets were selected for the interpretation, where the maximum 
number of wells were from the Bjørgvin Arch, Stord Basin, and Lomre Terrace areas (Table 
3.1). Wells from these areas got higher priority as the Smeaheia and Aurora injection sites are 
located within these same structural elements. Wells have been chosen according to their 
penetration in the zones of interest, as well as data availability. In addition, wireline log suites 
(i.e., gamma-ray, density, velocities, deep resistivity) from the same wells are analyzed.    

Table 3.1 
Total depth and oldest formation penetrated by the studied wells. The structural elements are 
as suggested by NPD (2022). 

Well name 
Structural 

Elements (NPD) 
TD (TVD) Oldest penetration 

Formation 
Well Type/purpose Field 

Present Max* 
30/9-15 Bjørgvin Arch 2763.5 2943.5 Statfjord Gp. Exploration/Wildcat Oseberg Sør 
30/9-16 3549 3714 Statfjord Gp. Exploration/Wildcat Oseberg Sør 
30/12-1 3640.5 3775.5 Statfjord Gp. Exploration/Wildcat Dry 
31/2-1 2433 2553 Hegre Gp. Exploration/Wildcat Troll West 

31/2-2R 2599 2729 Hegre Gp. Exploration/Apprisal Troll West 
31/2-3 2600 2990 Hegre Gp. Exploration/Apprisal Troll West 
31/2-4 5035 5295 Hegre Gp. Exploration/Apprisal Troll West 
31/2-5 2532 2772 Hegre Gp. Exploration/Apprisal Troll West 
31/2-6 1754 1994 Fensfjord Fm. Exploration/Apprisal Troll West 
31/2-8 3373 3603 Hegre Gp. Exploration/Apprisal Oil show 

31/2-15 1677 2067 Fensfjord Fm. Exploration/Apprisal Troll West 
31/2-18 1711 2081 Fensfjord Fm. Exploration/Apprisal Troll West 
31/3-1 2374 2754 Hegre Gp. Exploration/Apprisal Troll East 
31/3-2 2090 2410 Drake Fm. Exploration/Apprisal Troll East 
31/3-3 2571 3091 Statfjord Gp. Exploration/Wildcat Dry 
31/3-4 2122 2492 Etive Fm. Exploration/Wildcat Dry 
31/4-3 4981 5141 Rotliegend Gp. Exploration/Wildcat Brage 
31/4-6 2447 2697 Drake Fm. Exploration/Apprisal Brage 
31/4-8 2611 2751 Lunde Fm. Exploration/Apprisal Brage 

31/4-10 2342 2492 Heather Fm. Exploration/Apprisal Brage 
31/5-2 2500 2690 Hegre Gp. Exploration/Apprisal Troll West 
31/5-5 1930 2100 Krossfjord Fm. Exploration/Apprisal Troll West 
31/5-6 2368 2573 Drake Fm. Exploration/Wildcat Oil show 
31/7-1 2780 2990 Johansen Fm. Exploration/Wildcat Brasse 
32/2-1 1300 2100 Lunde Fm. Exploration/Wildcat Dry 

35/11-7 2895 3090 Statfjord Gp. Exploration/Wildcat Fram 
31/5-7 Stord Basin 2915 3265 Statfjord Gp. Exploration/Wildcat-CCS Aurora Site 
31/6-1 4070 4400 Basement Exploration/Wildcat Troll East 

31/6-2R 2235 2695 Hegre Gp. Exploration/Apprisal Troll East 
31/6-3 2250 2680 Hegre Gp. Exploration/Wildcat Dry 
31/6-5 2028 2418 Drake Fm. Exploration/Apprisal Troll East 
31/6-6 2291 2761 Hegre Gp. Exploration/Apprisal Troll East 
31/6-8 2138 2468 Cook Fm. Exploration/Apprisal Troll East 
31/8-1 2629 2829 Krossfjord Fm. Exploration/Wildcat Dry 
32/4-1 3185 3885 Basement Exploration/Wildcat Dry 
31/1-1 Lomre Terrace 2920 3120 Statfjord Gp. Exploration/Wildcat Dry 
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31/2-8 3373 3573 Hegre Gp. Exploration/Wildcat Oil show 
31/2-19S 3669 3669 Statfjord Gp. Exploration/Wildcat Dry 

31/4-4 3150 3150 Statfjord Gp. Exploration/Wildcat Dry 
35/11-2 4024 4184 Statfjord Gp. Exploration/Wildcat Vega 
35/11-4 3125.5 3315.5 Statfjord Gp. Exploration/Wildcat Vega 
35/11-5 3768 3948 Statfjord Gp. Exploration/Wildcat Swisher 
35/11-6 3989 4139 Statfjord Gp. Exploration/Apprisal Oil show 
35/11-9 2828 3048 Heather Fm. Exploration/Apprisal Fram 
30/3-3 Oseberg Fault 

Block 
3419 3539 Statfjord Gp. Exploration/Wildcat Dry 

30/3-4R 3287 3412 Statfjord Gp. Exploration/Apprisal Veslefrikk 
30/6-4 2942 3132 Burton Fm. Exploration/Apprisal Oseberg  
30/6-7 3236 3356 Statfjord Gp. Exploration/Apprisal Oseberg  

30/6-19R 3298 3423 Eiriksson Fm. Exploration/Wildcat Oseberg Øst 
30/9-13S 3964 3964 Statfjord Gp. Exploration/Wildcat Oseberg Sør 
30/9-28S 3928 3928 Statfjord Gp. Exploration/Wildcat Oseberg Sør 
30/3-2R Brage Horst 3566 3696 Hegre Gp. Exploration/Wildcat Veslefrikk 
30/6-5 3550 3690 Lunde Fm. Exploration/Wildcat Oseberg Øst 

30/6-14 2900 3055 Statfjord Gp. Exploration/Wildcat Oseberg Øst 
30/6-22R 3329 3434 Statfjord Gp. Exploration/Apprisal Oseberg Øst 

31/4-2 2900 3014 Hegre Gp. Exploration/Wildcat Brage 
35/11-1 Uer Terrace 3360 3690 Hegre Gp. Exploration/Wildcat Dry 
35/12-1 3018 3498 Amundsen Fm. Exploration/Wildcat Oil show 
35/12-3 2758 3248 Etive Fm. Exploration/Wildcat Dry 
30/6-11 Flatfisk Slope 4001 4091 Statfjord Gp. Exploration/Wildcat Show 
35/10-2 4675 4800 Statfjord Gp. Exploration/Wildcat - 

30/2-1 
Mokkurkalve 

Fault Complex 
4237 4302 Statfjord Gp. Exploration/Wildcat Huldra 

34/11-3 Tjalve Terrace 4476 4506 Statfjord Gp. Exploration/Apprisal Kvitebjørn 
35/10-1 Marflo Spur 3982 4122 Statfjord Gp. Exploration/Wildcat - 

 *Exhumation corrected based on Rahman et al., 2020; Baig et al., 2019. 
 
3.2 Core and cutting samples  

Twelve (12) shale core and cutting samples are collected from the NPD core store in Stavanger, 
Norway. The petrographical and laboratory analysis are carried out using these samples. 
Nanoscale mechanical laboratory analysis is performed using the nano-indentation technique 
in Curtin University lab in Australia to estimate the mechanical properties of rock, such as 
hardness and indentation modulus (CP-4). The XRD and SEM analyses are also carried out in-
house for all the samples (CP-1) where 5 related samples out of 12 are presented in Paper-1 
and CP-2.      

3.3 Seismic data 

Both 2D and 3D seismic data are available for this research. Two long offset 2D seismic 
surveys, such as North Sea Renaissance (NSR) and SG8043 provided the regional coverage of 
the study area, so they are used for regional horizon interpretation (Fig. 3.1; Paper-1). Two 
site-specific 3D cubes of wide-ranged angle stacks were also available where GN1101 and 
GN10M1 covered the Smeaheia and Aurora sites, respectively (Fig. 3.1). Both seismic volumes 
have a combined coverage area of 2581 km2, where the majority of the area is covered by 
GN10M1 (2136 km2). A set of five partial stacks with angles 0-100, 10-200, 20-300, 30-400, and 
40-500 are available for both 3D surveys to carry out seismic inversion analysis (RP-2 & -4). 
The seismic inverted property cubes have been used in the numerical field-scale model grid for 
simulation (Paper-3 & -4).   
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4. Methods and Workflows 

This part describes the methods and workflows used in this research. The fundamental theories 
behind the methods (i.e., rock physics template, workflows, empirical equations, etc.) are 
described in part 2 and are not repeated here. The research is divided into three sub-topics: 
geological & geophysical (G&G) characterization, analytical assessment, and numerical 
modeling (Fig. 4.1). These research sub-sections have different approaches to characterize the 
top seal, mainly focusing on the CO2 injection site from the northern North Sea. For instance, 
the G&G caprock characterization includes integrated petrography, petrophysics, rock physics, 
and seismic attributes analysis (Paper-1; RP-1 & -2, CP-1 to -4), while in the analytical 
modeling analysis, the probabilistic structural reliability of the top seal is analyzed (Paper-2; 
RP-3). In addition, numerical modeling based on finite element methods allows us to evaluate 
the injection-induced mechanical failure risk on a field scale (Paper-3 & -4; RP-4). Description 
of the methods and workflows follow the same chronological order as illustrated in figure 4.1.  

 

Fig. 4.1: The research sub-topics and the corresponding papers are illustrated the chronological 
workflow followed in this study.    

4.1 Geological & Geophysical characterization 

In this sub-class, a detailed analysis has been carried out to characterize the caprock properties. 
Paper-1; RP-1 and CP-1, -2 & -4 focused on evaluating the Draupne and Heather formation 
shales, while RP-2 and CP-3 evaluated the Sognefjord, Fensfjord, and Krossfjord sandstones 
from the Horda Platform, northern North Sea. A similar analysis has been conducted and 
published for caprock-2 (Drake), which is not included in this dissertation (Rahman et al., 
2022). The main objective of G&G characterization is to evaluate top seal integrity. An 
integrated workflow has been tested, where wireline logs and 2D/3D seismic data from the 
study area have been used (Fig. 4.2). Vertical and lateral distribution of different properties of 
caprock are analyzed by combining results from petrophysics, petrographic, rock physics, 
seismic inversion, and seismic amplitude analyses. The individual method used in each sub-
section is described below:   
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Fig. 4.2: An integrated workflow to characterize top seal properties is illustrated by various processes 
followed systematically (modified after Rahman et al., 2022).   

4.1.1 Petrographic analysis 

Bulk mineralogy of the core and cutting samples (mentioned in part 3.2) has been estimated 
using the X-ray Diffraction (XRD) technique. Additional bulk mineralogy databases are 
scouted from the published literature (Kalani et al., 2015; Koochak Zadeh et al., 2017; 
Nooraiepour et al., 2017; Hansen et al., 2020). Scanning Electron Microscope (SEM) images 
of the same samples are also assessed. The SEM images also revealed the type of minerals and 
a qualitative assessment of the grain size of the studied samples. This information helped define 
the mineral assemblages during XRD interpretation to estimate the percentage. The XRD and 
SEM analysis results are used in paleo-depositional environment study and mineralogy-based 
brittleness indices estimation (Paper-1; CP-1 & -2).     

4.1.2 Petrophysical analysis 

Wireline logs are extensively used in geological and geophysical characterization 
investigations. The Shale volume (𝑉 ) is calculated from the gamma-ray log using the 
Larionov (1969) old (equation 4.1) and young (equation 4.2) rocks equations stated below:   

𝑉 = 0.33(2 × − 1)                                                   (4.1) 

and, 
𝑉 = 0.083(2 . × − 1)                                                  (4.2) 

where  𝐼  is the gamma-ray index which can be estimated by defining the sand and shale lines 
and expressed as:  

𝐼 =                                                         (4.3) 

To evaluate the transition zone, which is the boundary between mechanical and chemical 
compactions, temperature gradient of each well has been estimated using bottom hole 
temperature (BHT) and total vertical depth (TVD) and denoted as: 
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𝑚 =                                                                   (4.4) 

where m is the temperature gradient, y is the bottom hole temperature, c is the mean annual 
temperature at the seafloor (i.e., 50C for the North Sea), and TD is the total depth below the 
seafloor.  

Organic material within the shale can significantly influence caprock properties including 
mechanically. There are several empirical relationships available that estimate total organic 
carbon from wireline logs. This study tested two petrophysical methods where the total organic 
carbon (TOC) has been estimated from P-sonic, deep resistivity, and density logs. The first 
technique is called ΔlogR method, where the P-sonic (Δt) and the deep resistivity (Rd) are used 
as input (Meyer and Nederlof, 1984; Passey et al., 1990). When the baseline for non-organic 
fine-grained lithology has been defined, the ΔlogR value can then be estimated at each depth 
interval as: 

∆𝑙𝑜𝑔𝑅 = 𝑙𝑜𝑔 + 0.02 × (∆𝑡 − ∆𝑡 )                             (4.5) 

The total organic carbon (TOC) content in wt% is then predicted as: 

𝑇𝑂𝐶 = (∆𝑙𝑜𝑔𝑅) × 10( . . ∗ )                                             (4.6) 

where LOM is the level of Organic Metamorphism (LOM) corresponding to the source rock 
maturity, which can be evaluated based on Rock-Eval or vitrinite reflectance data.  

A second method is also a petrophysical approach where TOC is predicted from a bulk density 
log (Vernik and Landis, 1996; Carcione, 2000) and stated that: 

𝑇𝑂𝐶 = 𝑎
( )

( )
                                                           (4.7) 

where subscripts to density (ρ) indicated kerogen (k), matrix (m), and recorded bulk density 
(b), a is a constant related to the fraction of carbon in the organic matter. 

Laboratory estimated TOC within the study area has been scouted from NPD (2020). 
Afterward, TOC predicted using two separate methods has been calibrated with the estimated 
TOC percentage. An example from well 35/11-6 is illustrated in figure 4.3. Density-based 
relationships (equation 4.7) exhibit a better correlation coefficient; hence are utilized for the 
rest of the wells without lab-based TOC estimates.  

Geomechanical properties such as Young’s modulus (E) and Poisson’s ratio (υ) are proxies of 
rock stiffness and represent the geomechanical parameters of any rock. The scope of this 
analysis is to characterize the geomechanical properties of rocks, mainly caprock and 
overburden using wireline logs. Therefore, wireline log based dynamic properties such as E and 
υ are calculated using the compressional wave velocity (Vp), shear wave velocity (Vs), and 
bulk density (ρ) logs using the equations below: 

𝐸 =                                                                    (4.8) 

𝜐 =
( )

                                                                         (4.9) 
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 The Vp and density logs are available for all the studied wells; however, a limited number of 
wells have measured Vs logs. Therefore, to estimate Vs machine learning-based random forest 
(RF) algorithms have been used. Several petrophysical logs (i.e., Gamma-ray, caliper, deep-
resistivity, neutron porosity, photoelectric, Vp, Vs & Vp/Vs) have been used to train the model. 
A considerable match between measured and RF Vs has been observed. 

 

Fig. 4.3: Comparison between predicted TOC and measured TOC (NPD, 2020), estimated within the 
Draupne and Heather formations intervals from well 35/11-6 (a). The comparative correlation 
coefficient between the two empirical methods is also illustrated (b).  

4.1.3 Brittleness Indices 

Brittleness index (BI) is a quantitative measurement of rock behavior, estimated using many 
available empirical equations. In this thesis, two (2) mineralogy-based BI (MBI) and two (2) 
elastic properties based BI (EBI) have been analyzed (Paper-1; RP-1; CP-1 & -2). Lab based 
mineralogy data (XRD) has limitations; hence the relationship between MBI and EBI is critical. 
If there is a better match observed between these two methods, we can use available elastic 
property based relationships to estimate caprock brittleness. The findings of this comparative 
analysis have been described in detail in part 5.  

The mineral fraction based BI (MBI ) is first proposed by Jarvie et al. (2007), which is tested 
in this research. The equation stated that:   

𝑀𝐵𝐼 =                                                            (4.10) 

where Qtz is quartz, Carb is carbonate, and Cly is clay fractions. 𝑀𝐵𝐼  = 1 indicates brittle 
rock, while = 0 represents the ductile behavior of the rock. 

Several authors proposed modified MBI equations by considering dolomite (Wang and Gale, 
2009), Carbonate (Glorioso and Rattia, 2012), Feldspar (Jin et al., 2014), and Pyrite (Alzahabi 
et al., 2015; Rybacki et al., 2016) as stiff minerals while TOC (Wang and Gale, 2009) as the 
ductile mineral. Considering this, a modified equation (4.11) was proposed and tested in Paper-
1 and CP-1. The combined equation is as follows:  
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𝑀𝐵𝐼 =                                              (4.11) 

where Fsp is feldspar, Py is pyrite, and TOC is the total organic carbon.  

Similar to MBI, many elastic property-based brittleness indices (EBI) equations are also 
available (Grieser and Bray, 2007; Rickman et al., 2008; Sharma and Chopra, 2012; Chen* et 
al., 2014; Jin et al., 2014; Fawad and Mondol, 2021). Out of these, two equations are used in 
this research where Grieser and Bray (2007) equation is the normalization of Young’s modulus 
(E) and Poisson’s ratio (𝜐), which is expressed as: 

𝐸𝐵𝐼 = +                                               (4.12) 

where 𝐸 is the static Young’s modulus, 𝐸  is 69 GPa, 𝐸  is 0 GPa, 𝜐 is static Poisson’s 
ratio, 𝜐  is 0.5 and 𝜐  is 0. Also higher the 𝐸𝐵𝐼  more brittle the rock would be. 

The log driven dynamic 𝐸 (equation 4.8) and 𝜐 (equation 4.9) are converted to log-based static 
values using Mullen et al. (2007) equation: 

𝐸 =
.

.

                                                         (4.13) 

and 

𝜐 = 𝜐                                                                   (4.14) 

Another empirical equation to directly measure static Young’s modulus from Vp has also been 
implied (Rahman et al., 2022). The equation is proposed by Horsrud (2001) and states that: 

𝐸 = 0.076𝑉 .                                                        (4.15)                                      

The other EBI equation used is proposed by Fawad and Mondol (2021), which is based on 
acoustic impedance (AI) and deep resistivity (Rd) and is defined as: 

𝐸𝐵𝐼 =
. . . ( . . )

. .
                                       (4.16) 

4.1.4 Rock Physics Templates 

The rock physics template is useful for characterizing reservoir and cap rocks. Several rock 
physics templates have been used in geology and geophysical characterization analysis. The 
effect of different mineral fractions within shale is evaluated using the Dvorkin-Gutierrez silty 
shale model (Fig. 4.4a).  The important rock behavioral property (brittleness) is assessed using 
the templates illustrated in figures 4.4b, c & d. Grieser and Gray (2007) proposed by the 
template for brittle and ductile regions, while the other two templates with further classification 
are suggested by Perez and Marfurt (2014). 
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Fig. 4.4: Rock physics templates used in this study; (a) the Dvorkin-Gutierrez silty shale model and 
cement models in velocity-density plot (modified after Avseth et al., 2005), (b) ductile and brittle region 
in Young’s modulus- Poisson’s ratio plot (modified after Grieser and Bray, 2007) and ductile to brittle 
template in young’s modulus- Poisson’s ratio plot (c) and MuRho-LambdaRho plot (d) (modified after 
Perez and Marfurt, 2014). 

4.2 Analytical integrity assessment 

A deterministic approach to evaluate structural safety is somewhat questionable when the 
varying degree of uncertainties is present (Duncan, 2000). Instead, a probabilistic method is 
more suitable in this case (Christian, 2004; Nadim, 2007). A stochastic structural reliability 
approach is first introduced in this study for subsurface (Paper-2 & RP-3), though this method 
is widely used for surface structures. The proposed workflow is illustrated in figure 4.5, where 
a Mohr-Coulomb failure criteria-based model is defined based on the rock properties. Monte 
Carlo and First Order Reliability Method (FORM) have been used to estimate the probabilistic 
structural reliability. The sensitivity of each parameter is also verified during the analytical 
modeling.        
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Fig. 4.5: The workflow to estimate probabilistic structural reliability of any subsurface structure such 
as faults (Paper-2) and caprocks (RP-3) integrity. 

 4.2.1 Stability assessment model  

The Mohr-Coulomb failure criteria-based limit state function is assigned based on the 
deterministic factor of safety (FoS) equation. Assuming an isotropic horizontal stress condition 
within a normal faulting regime, the factor of safety (FoS) for the shear failure of fault (Paper-
2) and caprock (RP-3) is defined as: 

𝐹𝑜𝑆 =
∅

                                                       (4.17) 

𝜎 = + 𝑐𝑜𝑠2𝜃                                                   (4.18) 

and, 

𝐹𝑜𝑆 =
[ ]

                                                 (4.19)     

𝜎 = 𝜎 − 𝑝                                                                  (4.20) 

𝜎 = 𝜎 − 𝑝                                                                  (4.21) 

where, 𝜎  is effective normal stress,  𝜎  is effective vertical stress, 𝜎  is vertical stress, 𝜎  is 
effective horizontal stress, 𝜎  is horizontal stress, 𝑝  is pore pressure,  S0  is cohesion, and ∅ is 
friction angle, and 𝜃 is fault dip. 

The state of the structure is safe when the factor of safety is greater than 1 and fails when it is 
less than 1. Therefore, the limit-state function defines as: 

𝑔_𝑠ℎ𝑒𝑎𝑟(𝑥) = 𝐹𝑜𝑆 − 1                                                           (4.22) 

where, g(x) is the limit-state function which is the boundary between safe (g(x) >0) and failure 
(g(x) ≤ 0) state.  



42 
 

 
 

4.2.2 Reliability methods 

Several well-established reliability methods are available (i.e., First Order Second Moment, 
First Order Reliability Method/Second-Order Reliability Method, Monte Carlo simulation, 
etc.). In this research, we tested Monte Carlo Simulation (MCS) and First Order Reliability 
Method (FORM) for fault failure estimation (Paper-2) and only FORM to estimate the caprock 
structural reliability (RP-3). The MCS is a procedure where the limit state function is evaluated 
by randomly selected samples from the input values to determine whether the configuration is 
desirable or not. The probability of failure (Pf), however, is estimated by the number of 
unwanted settings (𝑛 ), with respect to the total number of samples (𝑛).  

𝑃 =                                                                            (4.23) 

It is a powerful technique but sometimes impractical when the probability of failure is small 
and requires many simulations to obtain a reliable distribution. However, sampling techniques 
(i.e., Latin Hypercube, Orthogonal, etc.) can optimize the number of simulations required for 
reliable distribution of the response, which we did not consider in this study. 

The FORM method proposed by Hasofer and Lind (1974) is another technique, which is widely 
used in practical engineering problems (Nadim, 2007; Faber, 2009). Let’s assume two random 
variables with limit state function g(x) stated in physical space where the grey zone represents 
the failure events while the white zone is the safe region (Figure 4.6a). The FORM method 
normalized the random variables into normally distributed variables (Z1 and Z2) with zero mean 
and defined the limit state function g(z) = 0. After that, the g(z) surface has been linearized at 
point z*, which is the shortest distance from the zero mean and is called the design point (Figure 
4.6b). The shortest distance is called the reliability index (β), which is an indicator of structural 
stability. The higher the distance, the safer the structure is. The normal vector direction to the 
failure surface denotes α and indicates the random variable's relative importance. This relative 
design factor (𝛼) is often referred to as the probabilistic sensitivity factor, which is useful for 
the relative ranking of random variables. In FORM analysis, the probabilistic sensitivity value 
can be achieved by performing several iterations and treating every individual parameter as a 
deterministic variable in each study (NESUS Theoretical Manual, 2011; Pereira et al., 2014), 
where a positive value indicates a direct relationship between the variables value and the 
response, while a negative sensitivity suggests an inverse relation. In addition, the square of 
each sensitivity factor (𝛼 ) can reveal the input parameters’ contribution to the failure 
probability estimation.  

Mathematically the reliability index (β) can be expressed as: 

𝛽 = �⃗�𝑧∗                                                                   (4.24)     

where the normal vector to the failure surface �⃗� is denoted as: 

�⃗� =
∇ ( ∗)

|∇ ( ∗)|
                                                                  (4.25) 

where g(z) is the gradient vector and assumed to exist: 

∇𝑔(𝑧) = (𝑧), … … … … … . , (𝑧)                                          (4.26) 
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Therefore, an iterative method is used to estimate the reliability index due to the non-linear 
optimization problem (Thoft-Christensen and Baker, 1982; Madsen et al., 2006).  

 

Fig. 4.6: (a) Limit state function g(x) stated in the physical space using two random variables (X1 and 
X2), (b) after normalization to zero average with the design point z*, reliability index 𝛽 and the normal 
vector to the failure surface 𝛼 (modified after Madsen et al., 2006).  

4.3 Numerical simulation 

A seismic data-driven field-scale geomechanical modeling is carried out to evaluate the rocks' 
failure and deformation potential in both static and dynamic conditions. The proposed workflow 
is illustrated in figure 4.7, which is used in Paper-3 and -4. Irrespective of the limitations, this 
modeling approach is a new method that is introduced in this research. The key processes are 
described below:    

 

Fig. 4.7: The proposed seismic data-driven geomechanical-modeling workflow used in Paper-3 & -4. 
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4.3.1 Structural framework 

The structural geometry of the model is the first step to building a field-scale 3D model grid. 
The lithological boundaries (i.e., Formation tops) are interpreted from the post-stack seismic 
volumes and then converted into time surfaces. During the interpretation process, the 
displacement of the faults (both major & minor) has been considered. The surfaces have 
considered fault influence. These same surfaces are used to build the reservoir grid.   

4.3.2 Rock property cubes 

Based on the theory described in section 2.3, the seismic inverted acoustic impedance (AI), P- 
to S-wave ratio (Vp/Vs), and density (ρ) cubes are obtained. The geomechanical properties such 
as Young’s modulus (E) and Poisson’s ratio (υ) cubes have been estimated using equations 4.8 
and 4.9 (RP-4). The dynamic E later converted into static by using a function, wherein the 
shallow section 𝐸 ≈ 1/5𝐸 , and deeper interval 𝐸 ≈ 1/3𝐸  have been 
implemented (Herwanger and Koutsabeloulis, 2011). Static υ is assumed to be equal to the 
dynamic υ (𝜈 ≈ 𝜈 ). In addition, the unconfined compressive stress (UCS) is 
estimated from the P-wave velocity using the equation proposed by Horsrud (2001): 

𝑈𝐶𝑆 = 0.77𝑉 .                                                        (4.27) 

where Vp is in km/s and UCS is in MPa.  

Additional properties such as volume of shale (Vsh) and porosity (Phi) cubes are also estimated 
using the following equations (RP-2): 

𝑉 =

( )

( )
                            (4.28) 

where AI is in g/cm3*m/s, Vp and Vs are in m/s. G is the mineralogy/shaliness coefficient, 𝛼 is 
Vs/Vp ratio of the mineral/rock matrix, n is stress/cementation coefficient, Vpma, Vpsh, and 
Vpw are the P-wave velocities (in m/s) of the mineral matrix (i.e., quartz), shale pole and water 
pole.  

𝑃ℎ𝑖 = 1 −

. [ . ]

( ) .
                                     (4.29) 

where 𝑃ℎ𝑖 is porosity in fraction and J is calibration coefficient (with values 1 to 4). 
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5. Scientific contributions 

5.1 Summary of papers 

This Ph.D. dissertation comprises four papers (Paper-1 to -4), four relevant papers (RP-1 to -
4), and four conference proceedings (CP-1 to -5) from the three sub-group (Fig. 4.1). The 
Paper-1, RP-1, and CP-1 to -4 represent the G&G characterization of the caprock and 
reservoir, and Paper-2 and RP-2 reveal the probabilistic structural reliability of faults and 
caprock. The last two papers (Paper-3 & -4) and RP-4 are from the geomechanical modeling 
sub-group and illustrated a stress-strain one-way coupling method with the seismic inverted 
properties. However, the additional four relevant papers (RP-1 to -4) and four conference 
proceedings (CP-1 to -4) have not been summarized in this subheading (5.1) but only described 
the journal papers (Paper-1 to -4). The finding from the relevant papers and conference 
proceedings have been considered in the discussion section under the sub-heading 5.2. The 
papers presented here used the Smeaheia area as an example, but the proposed methods are 
applicable in any injection site characterization globally. The papers follow the chronological 
sequence; hence, the summary follows the same order. The summary of each paper, including 
motivation and objectives, material and methods, and key findings, is presented following the 
research sub-groups.       

5.1.1 Geological and Geophysical Characterization  

Paper-1: 
Organic-Rich Shale Caprock Properties of Potential CO2 Storage Sites in the Northern North 
Sea, Offshore Norway 
 
Motivation and Objectives 
 
One of the critical factors for CO2 injection within a saline reservoir is the change in pore 
pressure, which ultimately changes the state of effective stress (i.e., principal stress minus pore 
pressure) and controls deformation and failure of reservoir-caprock pairs (Verdon et al., 2013). 
Additionally, hydrological and geochemical processes influence the effective stress, potentially 
affecting the geomechanical properties of caprocks (Norton, 1984; Johnson et al., 2005; Shell-
Report, 2014). A potential consequence is the shear fracture or failure of caprock when shear 
stress exceeds the shear strength. This event depends not only on failure criteria but also on the 
caprock's ductility or brittleness (Nygård et al., 2006). Brittle deformation more likely occurs 
when a material is stiff and has higher shear strength. Thus, lithified shales are more fragile 
than young and uncemented mudrocks (Nygård et al., 2006). Rocks with certain mineralogy 
have less effect on brittleness with increasing pressure and temperature (Wang and Gale, 2009). 
However, all caprock properties' processes are very complicated and depend on the depositional 
and diagenetic processes. These complexities of caprock properties motivate us to carry out this 
research. The main objective is to evaluate the effect of depositional and diagenetic processes 
on the mechanical properties of caprocks by petrographic, petrophysical, rock physical, and 
geophysical interpretations. 

Material and Methods 
 
The caprock’s depositional variations within the sub-basins are established by analyzing the 
gamma-ray shape and stacking patterns. Due to differences in depositional environments, the 
effect on the caprock compaction behavior is investigated by integrating petrographical analysis 
of core and cutting samples from three wells and by rock physical analysis of wireline log data 
from 27 exploration wells. Three rock physics templates (i.e., Vp versus ρ; E versus υ; λρ versus 
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µρ) are used where the wireline log data are interpreted using the published background trends. 
The effect of kerogen type, maturation level, and deposition environment on caprock properties 
within the study area are also evaluated. Caprock property, such as brittleness, is estimated 
using two mineralogy and two elastic property-based, empirical relations. Finally, the seismic 
inversion method is assessed for the possibility of extracting caprock properties from seismic 
data. 

Key findings 
 
 The high-energy NE-SW trend following the Troll fault zone separates the study area into 

two paleo-depositional regions where the NW part has high energy silts deposited compared 
to fine-grained clay-bearing zones in the SE part. However, soft clay content and a higher 
percentage of organic matter are found in the NW and SW corners of the study area (far 
from the coastal plain). 

 
 Draupne and Heather formations in the study area showed a wide range of elastic and 

geomechanical properties. The data clustering, irrespective of diagenetic variation, makes 
it difficult to assess the properties from seismic data.  

 
 A strong relationship is found between the rock mineralogical composition and caprock 

properties (i.e., elastic and geomechanical parameters). 
 
 The mechanical properties of the studied caprocks appear to be ductile. However, Heather 

Formation is comparatively less ductile compared to Draupne Formation. The brittleness 
increment trend showed a significant difference with the previously published reference 
curves and increased with increasing AI, E, µρ, and λρ.  

 
 The sparsely distributed (primarily immature) TOC within the study area has an 

insignificant impact on the geomechanical properties of the studied caprocks. The 
geomechanical properties of caprocks are complex, and further work is needed to quantify 
the TOC effect. 

5.1.2 Analytical assessment 

Paper-2: 
Probabilistic Analysis of Vette Fault Stability in Potential CO2 Storage Site Smeaheia, Offshore 
Norway 
 
Motivation and Objectives 
 
Fault sealing potential is a critical factor that needs to be evaluated in any CO2 injection-related 
activity where the trapping structure is related to the faults. However, the uncertainties in the 
subsurface associated with fault properties (i.e., fault rock lithologies, strength, and geometry 
of fault) pose a significant challenge to assessing the fault’s stability. Additionally, the 
operational uncertainties associated with pore pressure change during CO2 injection into a 
saline aquifer can be another critical factor. In the case of a supercritical CO2 (sCO2) injection, 
additional processes such as hydraulic aperture evolution, hydrological property changes, 
effective stress induction, and mechanical strength degradation can influence the effective 
stresses in fault planes, which can lead to reactivation and failure of faults (Rutqvist et al., 2007; 
Park et al., 2020). Due to these complexities, it is crucial to assess the fault structural reliability 
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in any CO2 injection site. The motivation of this work is to evaluate the fault probability of 
failure, where Vette fault from the Smeaheia area is used as an example.  

Material and Methods 
 
This study evaluated the stability of Vette fault probabilistically using the Monte-Carlo 
simulation (MCS) and the First Order Reliability Method (FORM). The fault stability is 
evaluated using analytically estimated stress conditions acting on the fault plane and the Mohr-
Coulomb failure criteria. The uncertainty of the fault-rock strength properties is handled by 
interpreting four different fault smearing scenarios and their likelihood based on the study area's 
geological understanding. The overall VF system reliability is estimated based on the 
qualitative approximation of all four scenarios using an event tree technique. The likelihood of 
each fault rock strength scenario and the corresponding probability of failure is embedded in 
the system failure number, which could be a reasonable estimation for the future project 
decision. The pore pressure/stress coupling, also known as the reservoir stress path, is 
incorporated to evaluate the complex poroelastic interaction due to the fluid injection in the 
horizontal stress field. Finally, the relative importance of different parameters (i.e., vertical and 
horizontal stresses assumptions, pore pressure, stress path, fault rock strength, etc.) on fault 
stability is evaluated.  

Key findings 
 
 The cohesionless fault scenario has the highest failure probability, while the fault rock 

properties equivalent to the Rødby Formation case show the lowest value. In addition, the 
difference between the initial condition and the after-injection scenario is minimal.  
 

 Both deterministic and probabilistic sensitivity analyses revealed that the in-situ stresses 
(vertical and horizontal) and fault rock strength properties (cohesion and friction angle) are 
the critical parameters influencing fault stability. 
 

 Integrating the likelihood of possible scenarios using the event tree method can quantify the 
overall structural failure.  The failure value estimated using this approach better represents 
total failure compared to the case considering only the most likely scenario because the 
event tree method considered all the possible scenarios. However, caution needs to be taken 
for the low likelihood scenarios if the low likelihood scenario's failure probability is 
significantly higher than other likely scenarios. 

 
 The Vette fault system reliability analysis' probabilistic value suggested that the fault seems 

to be structurally reliable. Hence, it may act as a potential barrier during the injection of 
CO2 into the Alpha structure.   
     

5.1.3 Numerical modeling   

Paper-3: 
Effect of overburden spatial variability on field-scale geomechanical modeling in CO2 storage 
site Smeaheia, offshore Norway 
 
Motivation and Objectives 
 
During drilling a well, there has been good coverage of data (i.e., cores, wireline logs, pressure 
data, etc.) acquired in the reservoir section. The caprock and overburden sections have been 
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ignored most of the time. This data gap is reflected in most of the geomechanical modeling 
works (i.e., Grollimund and Zoback, 2003; Vidal-Gilbert et al., 2010; Fokker et al., 2011; 
Ouellet et al., 2011; Fischer and Henk, 2013; Tenthorey et al., 2013; Olden et al., 2014; Newell 
et al., 2017; Mandal et al., 2021), where simple assumptions are used for overburden rock 
property evaluation. The results from a simple modeling approach might hide possible risks. 
Therefore, a high-resolution spatial gridded overburden section is needed in geomechanical 
modeling work to assess the realistic overburden rock deformation (i.e., subsidence or heave). 
This limitation motivated to carry out this study where the sensitivity of spatially gridded 
seismic driven overburden properties is analyzed. A seismic data-derived properties-based 
approach has been implemented, which has been used for geomechanical models only for 
reservoir and caprock intervals but not the whole subsurface (Sengupta et al., 2011). This gap 
in geomechanical model building workflow motivates us to carry out this research to integrate 
all the pieces and build a robust model to answer the critical questions regarding associated 
risks during CO2 injection into the prospective reservoirs.  

Material and Methods 
 
A one-way coupling geomechanical modeling workflow has been proposed (Fig. 4.5). The 3D 
seismic inverted property cubes, which are calibrated with lab measurement and wireline logs 
during estimation, are directly used in the 3D structural grid. The seismic resampling function 
in the Petrel-2019 earth modeling module is used to distribute the properties within the model 
grids. However, the structural grid is constructed before using the seismic interpreted time 
surfaces. Afterward, the whole reservoir model (i.e., structural grid and properties) is converted 
into depth using the Smeaheia average velocity cube. Geomechanical grid is introduced in-
depth domain by adding sideburden, underburden, overburden, and plate with the reservoir grid. 
The boundary conditions (i.e., present tectonic stresses and pore pressure) have been defined. 
The model is now ready for numerical simulation; hence, the VISAGE simulator is used to run 
one-way coupling (i.e., changing strain with stress change). After validation, the numerically 
simulated field-scale 3D model is transferred to the Petrel-2019 software for interpretation.  

Key findings 
 
 The effect of overburden properties on sea floor deformation is significant. For instance, 

the simplified average constant overburden properties doubled the sea floor uplift compared 
with the model using the seismic inverted spatial properties. In addition, the Mohr-Coulomb 
failure envelopes of overburden rocks indicated the importance of spatial overburden 
properties within the geomechanical modeling workflow. 
 

 Vertical rock deformation increases with time in both seafloor and reservoir-caprock 
interface. However, the vertical rock uplift is slightly higher in the reservoir-caprock 
interface compared with the sea floor.  

 
 Although the induced pressure increase in each time step used a constant change, the rock 

deformation spatially varied due to the variation in mechanical properties.  
 
 The simplified assumption of overburden properties in the geomechanical model effect the 

CO2 storage project significantly by influencing the capacity and injectivity of any site. 
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Paper 4: 
3D field-scale geomechanical modeling of potential CO2 storage site Smeaheia, offshore 
Norway 
 
Motivation and Objectives 
 
Paper-4 is the continuation of Paper-3 where the same model grid and properties have been 
used. However, the total pore volume and pore compressibility influence the rock mechanical 
behavior by changing different injection-induced pore pressure for the same amount of CO2 
injection. This difference in pore pressure along with the spatial variation of the rock properties 
might influence the rock failure behavior. This is our motivation to carry out this study, where 
the sensitivity of the pore volume and pore compressibility have been assessed. Furthermore, a 
comparative analysis between different injection locations in the Smeaheia site has been 
evaluated.    

Material and Methods 
 
This paper also used a similar workflow where seismic inverted property cubes were 
incorporated directly into the model grid. However, based on the various pore volume and pore 
compressibility conditions, nine different models have been simulated where the worst-, base- 
and best-case models are presented in the result section.   

Key findings 
 
 The pore volume and pore compressibility significantly influence the mechanical rock 

failure and deformation. The low pore volume with reference compressibility was estimated 
~74 cm vertical upliftment on the reservoir-caprock interval, while the pessimistic 
compressibility model with base pore volume calculated ~40 cm uplift. Irrespective of 
considerable vertical upliftment, no caprock failure is observed in any models. However, 
although there is no reservoir rock failure in in-situ stress state conditions, tensile failure 
occurred after injection pressure change scenarios.   
   

 The Mohr-Coulomb failure risks varied within the studied locations. The Alpha structure 
indicated low mobilized shear stress/strength compared to the Beta and Mid-Model 
locations based on the assessment. However, a fluid simulation model should be 
implemented to evaluate the plume migration to build confidence. 

5.2 Discussion 

The main objective of this Ph.D. thesis is to evaluate the geomechanical risks associated with 
top seal (caprock and fault) and overburden. One of the crucial criteria for reliable CO2 
sequestration is to have an impermeable seal, which means caprock needs to be effectively 
impermeable. The bounding faults (fault-based closures) must remain sealed before and after 
injection. In addition, the effect of spatial overburden interval is often overlooked, and therefore 
needs to be included within the risk assessment. This study integrated different investigations 
and proposed a site-specific top seal characterization workflow for evaluating geomechanical 
risks. Another integrated probabilistic top seal assessment template is also proposed to help 
project decisions in the initial stage.           
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5.2.1 Caprock characterization 

Caprock shale acts as the barrier for vertically migrating CO2 plumes where the integrity as a 
top seal is indicative of the ability for the shale to hold the CO2, up to a certain amount of fluid 
pressure prior to failure. The quantitative assessment of the integrity of shale depends on the 
rock's geomechanical properties including brittleness/ductility. The brittleness properties of the 
rock and the failure criteria often control the injection-induced fracturing within shale (Fig. 
5.1). However, the geomechanical properties of rock (brittleness) are complex and depend on 
many factors including mineral composition, lithology, grain size, thickness, pressure regime, 
compaction state, temperature, strain rate, fluid composition, TOC type, maturation, and 
regional stresses, etc. (Rutqvist and Tsang, 2002; Walles, 2004; Bennion and Bachu, 2005; 
Nygård et al., 2006; Rutqvist et al., 2007; Halland et al., 2011; Halland and Riis, 2014; 
Nooraiepour et al., 2017). The effect of depth on brittleness is compounded and can work in 
both directions because pressures, temperature, diagenesis, and TOC maturation are functions 
of depth (Johnson et al., 2022a).  An increase in depth generally increases pressure and 
temperature, hence the degree of diagenesis, and tends to mature TOC.  Walls (2004) pointed 
out that diagenetic alteration toward silica enrichment due to the smectite to illite transition 
enhances brittleness, and lower TOC typically increases the brittleness of the shale.  However, 
for a rock sample with a specific composition, increases in pressure and temperature decrease 
brittleness (Wang and Gale, 2009). Mineralogy and rock fabric within shale changes with 
increasing depth because of depositional and diagenetic modifications leading to sudden 
caprock failure/fracturing if brittle and gradual deformation if ductile (Fig. 5.1). 

Brittleness scale (i.e., brittle to ductile), while not universal, significantly varies between 
caprock shales. The transition value from brittle to ductile also varies considerably. For 
instance, a comparison between the Upper Jurassic Draupne shale with Middle-Lower Jurassic 
Drake caprock in the study area showed distinct differences where the organic rich Draupne 
Formation represents comparatively more ductile rock than the Drake Formation (Fig. 5.2). 
However, a Mohr-Coulomb failure plot of both caprock shales in in-situ stress state conditions 
indicated Drake caprock failure chances are lower than the Draupne shale (Fig. 5.3). Although 
the definition of caprock strength properties differs between shales, the findings indicate that 
site-specific and formation-specific analysis is required for better caprock geomechanical 
characterization.   
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Fig. 5.1: The relation between caprock ductility and failure types are illustrated in the Mohr-Coulomb 
failure chart (modified from Nygård et al., 2006). 

 

Fig. 5.2: Brittleness Indices maps of Draupne (a) and lower Drake unit (b) estimated using equation 
4.16 illustrated lateral variation in the study area. For comparison same color scale has been used. The 
black lines represent major (TrF – Troll fault; SF – Svartalv fault; TF – Tusse fault; VF – Vette fault; 
ØF – Øygarden fault) and minor faults while the yellow polygon (EL001) is the first CCS license in 
Horda Platform area. The grey shaded polygons indicated hydrocarbon fields (TE – Troll east; TW – 
Troll west) and discoveries  in the area. 
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Fig. 5.3: Mohr-Coulomb failure diagram of Draupne and upper Drake caprock shales in in-situ stress 
state conditions show the difference between the two shales.  

Geomechanical behaviour of the Draupne and Heather caprock shale is analyzed based on the 
depositional and diagenetic processes acting upon them (Paper-1, RP-1, CP-1 & -2). A strong 
correlation between mineral fractions, brittleness indices, and acoustic properties is observed. 
This relationship validates the possible extraction of mechanical properties from seismic 
(Paper-1). A complex relationship is observed between the total organic carbon (TOC) and 
brittleness (i.e., brittleness property changes with the maturation of source rock shales). The 
maturity of TOC played a crucial role where the immature TOC acts as a ductile mineral-like 
clay. However, the maturation and expulsion of hydrocarbons are difficult to assess in 
relationship to the influence it has on the overall shale caprock due to the complexity of the 
processes. In addition, a thick hydrocarbon column has a considerable effect on the caprock’s 
geomechanical properties (i.e., Young’s modulus and Poisson’s ratio; RP-1). The Draupne and 
Heather formations in the Horda Platform area show ductile to less-ductile behavior indicating 
good-quality top seal potential. However, the Draupne shale represents a more ductile formation 
than the Heather formation as indicated by lower acoustic impedance (AI) and Young’s 
modulus (Fig. 5.4a&b).  
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Fig. 5.4: Draupne and Heather formation shales from the studied wells are illustrated in the (a) Vp/Vs 
ratio versus AI and (b) Young’s modulus versus Poisson’s ratio plots.  

Compared to wireline logs, mineralogical estimation of rocks is limited and mainly available 
for the reservoir interval. Therefore, the correlation between mineralogical brittleness indices 
(MBI) and elastic property based brittleness indices (EBI) is critical to assess the brittleness 
property of any caprock shale. The Upper Jurassic caprock shale data points from the North Sea 
and the Barents Sea indicates a trend between EBI and MBI, where 0.65 corralation coefficient 
has been estimated (Fig. 5.5b). EBI also show a strong negative trend with ductile mineral 
assemblages (Fig. 5.5a). There relationships have increased the confidence of characterizing 
caprock brittleness from wireline logs and from seismic, where mineralogical estimation is not 
present. 

 

Fig. 5.5: Crossplots show correlation between the elastic property based brittleness indices (EBI) versus 
ductile mineral assemblages (a) and mineralogy based brittleness indices (MBI) (b). Data points plotted 
here are represented the Upper Jurassic organic-rich shale from the North Sea and the Barents Sea.  

In addition to the geological and geophysical characterization of the caprock, the structural 
reliability as a top seal is also evaluated. The structural integrity of the Draupne caprock shale 
is assessed in the Alpha prospect at the Smeaheia location (RP-3). Based on the Mohr-Coulomb 
failure criteria, there are very low chances of caprock shear failure in the Alpha injection site. 
This result can be validated by the G&G observation with a ductile Draupne top seal.    

5.2.2 Fault seal analysis 

Fault-related gas leakage is a possible threat for CCS because the potential reservoirs are fault-
bounded structures. There may be the possibility of fault reactivation due to injection-related 
pressure build-up and micro-seismicity. However, the subsurface fault architecture and fault-
zone rock strength properties are often highly uncertain because of the seismic resolution (sub-
seismic fault zone). Additionally, very few wells penetrated through the fault itself. The 
scenario-based analysis in Paper-2 indicated the significance of the probabilistic event tree 
approach for the fault integrity study. The event tree method allows us to consider the less 
probable but nonetheless significant cohesionless fault scenario (i.e., case 1 in fig. 5.6).  
Structural failure of a system (i.e., Vette fault system) will provide guidelines for future 
investigation. According to the Mohr-Coulomb failure criteria, the probability of Vette fault 
leakage in the Alpha location is low.  
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Fig. 5.6: Estimation of Vette fault system failure using the event tree method. 

5.2.3 Overburden rock characterization 

The major faults present in the study area terminate near the overburden (Fig. 5.7). Significant 
numbers of small-scale polygonal faults/fractures are present in the overburden section in the 
Horda Platform area (Fig. 5.7). If fault parallel migration of injected CO2 takes place, the 
overburden rock needs to hold said migrated fluids. Therefore, the overburden rock 
characterization is crucial in the study area. Nevertheless, the polygonal fault assessment study 
is not included in the Ph.D. dissertation. There is gas leakage observed in the northern part of 
the Troll west gas field (Fig. 5.7b). Overburden Hordaland clay acted as a secondary caprock 
where the migrated gas might accumulate. The gas leakage scenario from Troll west added 
confidence for CO2 injection in the study area since a secondary seal exists within the 
overburden interval. Going through this process also highlights the importance of 
characterizing overburden rock for all injection sites.   

Geomechanical properties of the overburden spatially varied (Paper-3), which influenced the 
fracture pattern and intensity within the same rock unit. Geomechanical modeling of the 
Smeaheia area (Paper-3 & -4) reveals that the spatially gridded overburden properties 
significantly influence the injection-induced rock deformation (i.e., seafloor heave). This 
observation indicated the importance of the overburden rock properties in numerical simulation 
and for the overall project.  
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Fig. 5.7: SW-NE 2D seismic (Surveys NSR-11184-1 & SG8043-403A) cross-section shows major 
faults (TF - Tusse fault; VF – Vette fault; ØFC – Øygarden fault complex) with numerous polygonal 
faults within the overburden from the northern Horda Platform area (a). 3D cross-sections from Aurora 
(GN10M1; Sec. - A) and Smeaheia (GN1101; Sec. - B) seismic cubes are also presented in (b) and (c), 
respectively. Possible gas leakage from Troll west (TW) and trapped within the Hordaland clay is 
illustrated. The overburden intervals are: NG – Nordland Group; HG – Hordaland Group; RG – 
Rogaland Group; SG – Shetland Group; CKG – Cromer Knoll Group & DF – Draupne Formation.    

5.2.4 Nanoscale caprock mechanical properties 

Rocks mechanical property (stress or stiffness) is usually estimated from conventional 
laboratory experiments using unconfined and confined triaxial compression and shear tests 
(Lama and Vutukuri, 1978), true triaxial shear tests (Colmenares and Zoback, 2002; Minaeian 
et al., 2014), and ultrasonic techniques (Wang, 2002). However, these laboratory tests often 
require relatively large core samples that are sometimes difficult to obtain (Hongyan et al., 
2013; Tianshou and Ping, 2014) and often suffer from high inter-sample variability (Du et al., 
2020). Nano-indentation techniques proposed by Oliver and Pharr (2004, 1992) use 
comparatively small cuttings or core samples, and do not have the same failings as these other 
techniques. The mechanical properties (i.e., 𝐻, 𝐶, and indentation modulus 𝑀) can be 
determined from the indentation depth which is generated by applying a load to the materials. 
This might resolve the experimental data limitation issues in caprock and overburden section. 
Nano-indentation based laboratory mechanical properties showed promising results (CP-4). A 
considerable match has been observed between the nano-indentation and triaxial test dataset. A 
strong correlation between the nanoscale Young’s modulus and clay fraction has been identified 
(Fig. 5.8), which is also seen in the wireline log-based analysis. This analysis indicated the 
viability of the nano-indentation method to estimate the laboratory based mechanical properties 
for intervals where only the cutting samples are available.  
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Fig. 5.8: Relation between the nanoscale Young’s modulus versus total clay mineral percentage of 
studied shale samples are illustrated as a strong correlation with a 75% correlation coefficient. 

5.2.5 Seismic property driven field-scale 3D model grid 

In the conventional 3D model building process, the well data points are interpolated using an 
algorithm such as kriging, GSG, etc. However, when the number of wells are limited, the 
uncertainties away from the wells increase significantly. Seismic property driven modeling 
approaches may resolve this issue by covering the property distributed laterally and vertically. 
However, the seismic inverted properties need to be validated before using them directly as an 
input to the model grid. For the Smeaheia injection site characterization, the inverted property 
cubes have been successfully estimated and calibrated (RP-2 & -4). Later the cubes were 
resampled into the field-scale 3D model grid for 1-way geomechanical simulation (Paper-3 & 
-4). However, seismic data has been used for 3D models before (Sengupta et al., 2011) but only 
for reservoir and cap rocks and not for the whole subsurface. The inverted property cubes allow 
us to use the spatial properties for the whole overburden and partial underburden model grids 
(Paper-3 & -4). Our proposed modeling workflow (Fig. 4.7) shows the practicality and 
possibility of evaluating the field-scale 3D geomechanical assessment.   

5.2.6 Top seal assessment integrated workflow 

With the fluid injection project, the injection-induced geomechanical consequences such as 
surface heave, new faults/fractures generation, or existing faults reactivation are addressed in 
this Ph.D. dissertation. This integrated approach (i.e., petrophysics, petrographic, rock physics, 
and seismic interpretation) to evaluate the geomechanical risks in any injection project would 
support the decision-maker with more confidence. Rock failure criteria is a complex process 
and is controlled by a combination of factors such as in-situ stress condition, pore-throat size, 
matrix permeability, capillary pressure, the existence of natural fractures, manner of well 
completion, as well as the rock properties such as elastic moduli and mineralogy (Yang et al., 
2013). This study follows a sequence to evaluate caprock integrity, for example, Paper-1 to -4 
for the Smeaheia area where the geomechanical risks are evaluated at different scales, levels, 
and dimensions for injection sites. The relevant papers (RP-1 to -4) and conference proceedings 
(CP-1 to -4) also illustrated a similar geomechanical risk assessment. While the results 
presented in this research are focused on the Smeaheia CCS injection site, the proposed caprock 
and fault-sealing analyses are valid for basin-wide prospect maturation. An integrated workflow 
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to evaluate site-specific top seal is proposed based on the research carried out for this Ph.D. 
thesis. The assessment processes are illustrated in figure 5.9.  

 

Fig. 5.9: A proposed integrated workflow to evaluate effective top seal in any CO2 storage site globally. 

In any injection site, a rock property characterization study should be carried out to identify the 
ductility of the top seal (Paper-1; RP-1; CP-1 & -2). As supporting material, the brittleness 
indices template can be used. If the top seal property is ductile, the probabilistic reliability 
analysis can be done directly. If not, an additional petrographic analysis such as XRD, SEM, 
and nano-indentation lab tests (CP-4) can be done to evaluate the mineral fraction including 
type, grain size, sorting, and laboratory based strength properties. After which, the analytical 
probabilistic structural failure analysis should be continued (Paper-2, RP-3). Finally, if needed, 
the numerical simulation can reveal the rock failure potential in 3-dimensions with different 
pressure change scenarios (Paper-3 & -4), where the seismic inverted properties should be 
utilized (RP-2 & -4). This integrated workflow can be used to assess the top seal collectively 
in any injection site, thereby supporting project decisions at any stage.    

5.2.7 Top seal risk assessment template 

A probabilistic risk assessment template has been proposed based on the brittleness indices and 
reliability index (Fig. 5.10). The terms ‘Low, Medium, High, and Extreme’ indicate the 
possibility of top seal failure. For instance, low indicates the chances of failure being minimum 
with a high-reliability index value and low brittleness indices (more ductile). On the contrary, 
extreme represents a brittle caprock with a low-reliability index, which may fail easily. In the 
initial stage of any CCS site characterization project, this tool might help assess the top seal 
integrity, one of the key parameters in CCS storage site characterization (IEAGHG report, 
2009). However, we have to keep in mind that there are many other parameters and processes 
involved in seal integrity, but this template might help us to identify how much analysis we 
need to characterize top seal effectiveness in any CCS injection site.   
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Fig. 5.10: The Brittleness Indices (BI) and reliability Index (β) based template to rank the top seal failure 
risk represents the intensity of the potential risk for different BI and β values.  
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6. Concluding remarks 

In this Ph.D. dissertation, I have investigated the properties of rocks (i.e., caprocks and 
overburden) by integrating petrophysics, petrography, rock physics, and seismic inversion 
analysis. A stochastic analytical model was used to evaluate the caprock shale and fault integrity 
as a potential seal. Furthermore, a field-scale 3D geomechanical model has been carried out to 
numerically evaluate the rock failure potential. While only the overall outcome is summarized 
here, the specifics of the workflow and their results may be referred to in part five or any specific 
paper in section two.  

Overall, this research has improved the understanding of the mechanical behavior of subsurface 
rocks. Furthermore, the approaches used in this dissertation can help the management for any 
injection decision. The key outcomes from this study are:  

 Depositional and diagenetic effect on rock mechanical behavior is extensively 
analyzed in caprock shales (i.e., Upper Jurassic Draupne and Heather formations). 
A strong relation between mineralogy, brittleness, and acoustic properties indicated 
the possibilities of extracting mechanical properties from seismic.  
 

 The proposed stochastic structural reliability method can estimate the caprock and 
fault failure probability. A scenario-based event tree method can reduce uncertainty. 
In addition, the input data sensitivity reveals the influence of relative percentage on 
total failure, which also allows us to focus on specific future parameters 
characterization. 
 

 A robust integrated seismic data-driven geomechanical model building workflow 
has been proposed and tested to resolve the data limitation issues in caprock and 
overburden sections. In addition, seismic inverted properties directly resampling 
within the grid improved the spatial distribution of the properties compared to the 
conventional interpolation method with limited wells data points. 
 

 The spatial overburden properties significantly influence rock deformation 
compared with simple constant properties. 
 

 The proposed integrated workflow to evaluate the top seal effectiveness might be 
useful to any site-specific top seal characterization. Furthermore, the probabilistic 
risk assessment template might be a helpful tool in the CCS site characterization 
project. 

The methods and workflows tested in this thesis have been useful in characterizing any potential 
fluid injection sites. The integrated workflows are not specific to any particular area; hence, 
they can be used to evaluate top seals anywhere.  

6.1 Outlook 

Many new ideas and research questions are encountered during this Ph.D. research. A couple 
of them are in progress to be submitted to scholarly journals, which are not included in this 
dissertation. Despite my interest, I do not have time to investigate any further. However, several 
research directions relating to this study, in my opinion, deserve further consideration:  
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6.1.1 Geological and geophysical characterization 

Caprock geomechanical characterization workflow (Paper-1) focusing on the specific injection 
sites (i.e., Smeaheia) can be further extended to evaluate the whole Norwegian Continental 
Shelf so that it will not only help to identify other CO2 injection sites but also evaluate the 
exploration potential. The proposed basin-specific brittleness template (Fig. 6.1) needs further 
improvement by including data from other NCS sub-basins, and the effect of the geothermal 
gradient could benefit from being added.  

 

Fig. 6.1: Proposed basin-specific template shows the difference with Perez and Marfurt's (2014) 
classification scheme (modified after Rahman et al., 2022).  

6.1.2 Analytical assessment 

The proposed stochastic structural reliability method for subsurface has shown itself to be 
practical and appears feasible to use for the evaluation of caprock and fault integrity. However, 
the effect of other parameters such as mineralogy, temperature, and others can be further 
investigated. Furthermore, the statistical analysis of input data with a machine learning (ML) 
based solution can be implemented to achieve field-scale evaluation (Ahmadi Goltapeh et al., 
2022). In addition, because this method is novel for the subsurface, there is no available failure 
chart to compare with currently. Therefore there is a future opportunity to develop a failure rank 
chart for subsurface structural reliability analysis. The expected performance table could 
improve the reliability index-based probabilistic risk assessment template (Fig. 5.10).   

6.1.3 Numerical modeling  

Although the proposed one-way geomechanical modeling workflow estimated the mechanical 
rock failure and deformation, many improvement opportunities are available. Due to the 
temperature difference between the injected reservoir interval and the cold injected CO2, there 
might be a significant influence on mechanical behavior. This indicates a possible addition of 
temperature within the workflow. Faults should be included within the structural grid and 
analyzed for potential leakage.    

One of the limitations of the proposed workflow is the pore pressure change before, during, and 
after injection. Integration of a fluid simulation model would reduce the pressure change 
uncertainty and allow for an estimation of optimal reservoir capacity and injectivity. Evaluating 
the optimal capacity and injectivity is generally one of the key criteria for site evaluation. A 
seismic-property-driven fluid flow model will be a future research opportunity where the 
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injection rate, reservoir capacity, and spatial and vertical injection location sensitivity can be 
evaluated. This approach will increase the confidence in the leakage-free subsurface injection 
of excess atmospheric CO2.  

 

Fig. 6.2: The workflow of seismic property based fluid flow model should implement for optimal 
capacity and injection rate estimation. 
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A B S T R A C T   

Assessment of the geomechanical properties of organic-rich shale caprocks is critical for a successful CO2 storage 
into a saline aquifer. In this study, we investigated the geochemical properties of the organic-rich shale caprocks 
of the Draupne and Heather formations, overlying the potential sandstone reservoirs of Sognefjord, Fensfjord, 
and Krossfjord formations in the northern North Sea, offshore Norway. The caprock’s depositional variations 
within the sub-basins are established by analyzing the gamma-ray shape and stacking patterns. The effect due to 
differences in depositional environments, on the caprock compaction behavior is investigated by integrating 
petrographical analysis of core and cutting samples from 3 wells and by rock physical analysis of wireline log 
data from 27 exploration wells. Three rock physics templates are used where the wireline log data are interpreted 
using the published background trends. The effect of kerogen type, maturation level, and deposition environment 
on caprock properties within the study area are also evaluated. Moreover, the caprock property, such as brit-
tleness, is estimated by using four mineralogy and elastic property-based, empirical relations, which is a 
quantitative measure of caprock property with respect to changes in stress-state. Finally, the seismic inversion 
method is assessed for the possibility of extracting caprock properties from surface seismic data. Regardless of 
compaction processes, the results indicate that the Heather Formation is mechanically stronger than the Draupne 
Formation. However, both formations appear to be ductile in nature. The depositional environments control the 
mineralogical composition and fabric of the Draupne and Heather formations, which influence the caprock 
properties significantly. Results also show that the effect of TOC on caprock properties is insignificant in the 
study area. The brittleness of the organic-rich shale caprocks in the study area follows a different trend compared 
to the published trends. We also observed an excellent correlation between the log-derived elastic properties and 
geomechanical parameters. Still, it is difficult to assess the caprock elastic properties from seismic due to the 
overlap of data clusters. The evaluation of caprock geomechanical behaviors is challenging as these properties 
are site-specific and also influenced by other factors such as exhumation, in-situ stress conditions, the existence of 
natural fractures, and their orientations.   

1. Introduction 

Geological storage of human-generated CO2 into a saline aquifer is 
one of the many solutions for reducing CO2 impact on the atmosphere. 
Norwegian Government has developed a strategy for large scale CCS 
(carbon capture and storage) as the necessity of it is already well 
documented by the UN’s climate panel (IPCC) and International Energy 
Agency (IEA). Partnership with the industries, the government is inter-
ested in defining the best possible sites for sequestrating CO2 into the 
subsurface in the Norwegian Continental Shelf (NCS). Smeaheia is one of 

the potential storage sites evaluated by Equinor and Gassonova, which is 
located in the eastern part of the northern North Sea (Fig. 1). The 
structures within the Semaheia area are mainly fault-bounded three-way 
closures with thin organic-rich shale caprocks. Troll Oil/Gas Field 
located west of Smeaheia, has oil and gas production from the same- 
targeted reservoirs. There is a possibility of lateral connectivity be-
tween Smeaheia, and the Troll Field that has been considered a potential 
risk. Moreover, this area has experienced several stages of rifting events 
(Faleide et al., 2015), following the collapse of Caledonian Orogeny in 
the Devonian time (Fossen and Hurich, 2005; Gabrielsen et al., 2010), 
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which leads to forming several large scale faults penetrating through the 
reservoir and caprocks up to the overburden. Therefore, careful in-
vestigations of caprock properties are necessary to prevent any CO2 
leakage risk. 

In the study area, the main reservoir sandstones are the Jurassic 
Sognefjord, Fensfjord and Krossfjord formations, and organic-rich 
Draupne and Heather formations act as the primary seal. The thick-
ness of caprocks varies significantly. One of the critical factors for CO2 
injection within a saline reservoir is the change in pore pressure, which 
ultimately changes the state of effective stress (i.e., principal stress 
minus pore pressure) and controls deformation and failure of reservoir- 
caprock pairs (Verdon et al., 2013). Additional, hydrological and 
geochemical processes influence the effective stress, potentially 
affecting the geomechanical properties of caprocks (Norton, 1984; 
Johnson et al., 2004; Shell, 2014). A potential consequence is the shear 
fracture or failure of caprock when shear stress exceeds the shear 
strength. This event not only depends on failure criteria but also 
controlled by the ductility or brittleness of the caprock (Nygård et al., 
2006). This geomechanical properties (brittleness or ductility) of 
caprock is a complex function of rock lithology, texture, effective stress, 
temperature, strength, fluid type (Handin and Hagar, 1957; Davis and 
Reynolds, 1996; Nygård et al., 2006), diagenesis, TOC maturation, etc. 
(Walles, 2004). Additionally, natural fractures and planes of weakness 
can also affect these properties (Gale et al., 2007). Soft clay and organic 
matter (OM) cause a reduction in velocities and Young’s modulus (E) 
while increasing the Poisson’s ratio (PR) whereas stiff minerals (i.e., 
quartz, feldspar, pyrite, and carbonate) increase velocities and E with 
decreasing PR (Aoudia et al., 2010). The depth of burial can have both 
positive and negative effects on rock brittleness. An increase in depth 
generally increases pressure and temperature; hence the increase in the 
degree of compaction, along with the alteration of organic matter to 
enhance the brittleness. Furthermore, the silica enrichment due to clay 
mineral alteration with depth increase brittleness (Walles, 2004). Brittle 
deformation more likely occurs when a material is stiff and has higher 
shear strength. Thus, lithified shales are more fragile than young and 
uncemented mudrocks (Nygård et al., 2006). Rocks with certain 
mineralogy have less effect on brittleness with increasing pressure and 

temperature (Wang and Gale, 2009). However, all processes that govern 
the caprock properties are very complicated and depend on the depo-
sitional and diagenetic processes. Therefore, it is crucial to evaluate the 
geomechanical properties of organic-rich shale caprock (ORSC) in the 
study area for successful CO2 sequestration. 

In this study, we evaluate the rock compositional variation and the 
subsequent effect on elastic and geomechanical properties of the ORSC 
of Draupne and Heather formations in the northern North Sea, offshore 
Norway. The aim is to identify the caprock depositional and compaction 
processes variations by petrographic, petrophysical, rock physical and 
geophysical interpretations and find out the possible correlation be-
tween properties. The local depositional variation is identified using the 
differences in gamma-ray responses. Depositional processes are the 
critical factor for the mineralogy and fabric changes (i.e., grain size, 
shape, sorting, etc.) within sub-basin, which influence the property of 
caprocks. The properties are altered just after the deposition by 
compaction processes (i.e., mechanical and chemical compaction). The 
depositional variation is validated by petrographic analysis (XRD; SEM 
and thin section), while the compaction effects are analyzed by three 
rock physics templates (Vp-Density; E-PR and LambdaRho-MuRho). The 
influence of TOC on caprock properties is also evaluated by analyzing 
maturation, type, and distribution of organic matter. Moreover, the 
geomechanical properties of the caprock are assessed by analyzing the 
brittleness indices values calculated both from mineralogical composi-
tion and elastic properties. Finally, a qualitative evaluation between the 
inverted acoustic impedance (AI) from seismic data and log-derived 
elastic, and geomechanical properties are accomplished to assess the 
possibility of extracting caprock geomechanical properties from the 
seismic data. The caprocks property (i.e., ductility/brittleness) in the 
study area is established by integrating all these analyses, which is a 
crucial parameter to evaluate the caprock’s sealing potential. 

2. Lithostratigraphy and structural setting 

The Late Jurassic Heather Formation shale is a part of the Viking 
Group that overlying and interfingering with Krossfjord, Fensfjord, and 
Sognefjornd formation sandstones of the Brent Group (Fig. 2a). Heather 

Fig. 1. a) The rectangle shows the study area on the Norwegian Continental Shelf, b) The locations of the studied wells correspond to the structural elements and 
major faults. The grey shaded areas are the hydrocarbon discoveries within the study area. The GN1101 3D seismic survey is outlined with a stippled rectangle, and 
the black lines represent the N–S and E-W well correlations presented in Fig. 2. 
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Formation consists of mainly grey silty claystone with thin streaks of 
limestone deposited in an open marine environment (NPD, 2020). On 
the Horda Platform, this unit interdigitates with the Middle Jurassic 
sandstones (Krossfjord, Fensfjord, and Sognefjord formations), where it 
sometimes becomes highly micaceous and may grade into sandy silt-
stone. Heather Formation also has significant thickness variations 
within the study area ranging between 0 and 159 m (Table 1). Stewart 
et al. (1995) divided Heather Formation in the Horda Platform area into 
three sub-units (A, B, and C). In this study, we evaluate only the Heather 
C unit, which is sandwiched between the Sognefjord and Draupne 
formations. 

The Draupne Formation shale is also a part of the Viking Group, 
deposited in the Late Jurassic time within the East Shetland Basin, the 
Viking Graben, and over the Horda Platform area (NPD CO2 atlas, 2014). 
The thickness of Draupne Formation varies significantly within the 
study area, ranges from 0 to 159 m (Table 1). The Draupne Formation 
consists of dark grey-brown to black, usually non-calcareous, carbona-
ceous, occasionally fissile claystone. It acts as the primary seal of the 
Middle Jurassic Sognefjord Formation sandstone reservoir. The forma-
tion was deposited in an open marine environment with restricted bot-
tom circulation and often with anaerobic conditions (NPD, 2020), and 

characterized by high gamma-ray values (usually above 100 API) 
because of TOC and high Uranium content. Interbedded sandstone and 
siltstone, as well as minor limestone streaks and concretions, are also 
present. In the lower boundary, Draupne Formation generally has a 
diachronous contact with the Heather Formation. However, on the 
northern Horda Platform, Late Jurassic sandstones of Sognefjord For-
mation mark the base of the Draupne Formation. The upper boundary of 
the Draupne Formation is usually marked by Cretaceous rock (Cromer 
Knoll Group), which has a higher velocity and lower gamma-ray 
response than the over and underlying rocks (NPD, 2020). 

The two main rifting events occurred in the Horda Platform area 
during the Permo-Triassic and the Late Jurassic to Mid-Cretaceous times 
(Whipp et al., 2014). During the 1st rifting event, a wide basin with 
deep-rooted faults and thick syn-depositional wedges was centered 
below the Horda Platform. However, Late Jurassic to Mid Cretaceous 
event shifted westward with major rifting and tilting observed in Lomre 
Terrace in the Late Jurassic (Stewart et al., 1995) and weak stretching on 
the Horda Platform itself (Roberts et al., 1993, 2019; Færseth, 1997; 
Whipp et al., 2014). The study area consists of several N–S trending 
faults (Fig. 1b), which are believed to be rooted in Caledonian zones of 
crustal weakness (Whipp et al., 2014). These faults also demarcate the 

Fig. 2. a) A generalized Jurassic and Cretaceous stratigraphic succession in the study area (modified from NPD CO2 Atlas, 2014). Well correlations along the b) E-W 
and c) N–S lines (Fig. 1) show the present-day depth variations of Draupne and Heather formations within the study area. Note that both correlations have vertical 
scale differences. 
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structural elements interpreted by NPD (2020). For example, the Horda 
Platform (Bjørvin Arch and Stord Basin) is separated by the Troll fault 
complex in the west and Øygarden fault complex in the east. Moreover, 
the faults Vette, Tusse, and Svart created compartmentalization within 
the Horda Platform, which separated Troll East and West Fields 
(Fig. 1b). Other major faults like Kima, Brage, Idunn fault complexes, 
and minor faults also played an essential role during structural defor-
mation within the study area. Uplifted blocks acted as provenance to fill 
the accommodation spaces created by rifting and then following the 
thermal subsidence (Jordt et al., 1995; Anell et al., 2009; Faleide et al., 
2015). 

The structural well correlations show the present-day depth differ-
ence of Draupne and Heather formations within the studied wells 
(Fig. 2b&c). In the middle of the study area (crossing Troll East), both 
formations are gradually going deeper from east to west with varying 
thickness. In contrast, the N–S correlation shows that the Draupne and 
Heather formations deepen in both north and south direction, with the 
northern well (Lomre Terrace) being deeper than the southern well 
(Stord Basin). The wells with the shallowest reservoir lie in the center 
(Bjørgvin Arch) containing very thin or no Draupne and Heather 

formations. 
The study area became tectonically active during Late Jurassic time 

when the Draupne and Heather formations were deposited. The major 
faults rotated as a result of the basement blocks’ rotation produced 
numerous local basins (Faleide et al., 2015), which lead to forming a 
high energy ribbon trending NNE-SSW along the present Troll West area 
following the Troll fault zone. This trend is gradually prograding 
north-westward and crosses the main boundary fault (Troll fault) into 
the Lomre Terrace. Moreover, the Horda Platform has tilted towards the 
east during the Late Kimmeridgian time, which resulted in NNE-SSW 
zero thickness trend, and thin Heather deposited into the Troll East 
because of sediment bypassed into the Lomre Terrace area (Stewart 
et al., 1995). This zero thickness bypass or erosional trend is also found 
in Draupne and Heather formation’s thickness maps (Fig. 5), which re-
veals that during transgression, the erosional/non-depositional struc-
tural high on top of Troll West existed and influences the sedimentation 
in the study area. 

Table 1 
Maximum burial depth, present depth, and thickness of Draupne and Heather formations penetrated by the studied wells. The structural elements as suggested by NPD 
(2020).  

Well name Structural Elements (NPD) Draupne Formation top depth (m BSF) Thickness (m) 
Draupne 

Heatherb Formation top depth (m BSF) Thickness (m) 
Heather   

Present Max.c  Present Max.c  

31/2-1 Bjørgvin Arch 1066 1186 26 1092 1212 0 
31/2-2  1126 1256 63 1189 1319 0 
31/2-3  1023 1413 0 1023 1413 0 
31/2-4  1004 1264 0 1004 1264 0 
31/2-5  1171 1411 0 1171 1411 0 
31/2-6  1113 1483 11 1124 1494 0 
31/2-8  1451 1681 16 1467 1697 0 
31/2-15  1147 1417 0 1147 1417 0 
31/2-18  1163 1443 0 1163 1443 0 
31/3-1  963 1343 32 995 1375 9 
31/3-2  1176 1496 26 1202 1522 0 
31/3-3  1193 1713 49 1242 1762 10 
31/3-4  1247 1577 23 1270 1600 0 
31/4-3  1815 1985 8 1823 1993 0 
31/4-6  1968 2118 13 1981 2131 14 
31/4-8  1936 2076 3 1939 2079 0 
31/4-10  1749 1869 20 1769 1889 0 
31/5-2  1133 1323 41 1174 1364 6 
31/5-5  1224 1444 0 1224 1444 0 
31/5-6  1441 1646 3 1444 1649 0 
31/7-1  2000 2150 11 2011 2161 0 
32/2-1  453 1253 54 508 1308 17 
35/11-7  1409 1604 3 1412 1607 0 
31/6-1 Stord Basin 986 1316 25 1011 1341 14 
31/6-2  996 1456 113 1109 1569 25 
31/6-3  1044 1474 125 1169 1599 16 
31/6-5  1061 1451 92 1153 1543 38 
31/6-6  1056 1526 129 1185 1655 40 
31/6-8  1087 1417 73 1160 1490 22 
31/8-1  1664 1914 110 1774 2024 14 
32/4-1  774 1474 106 880 1580 23 
31/1-1 Lomre Terrace 1685 1885 3 1688 1888 0 
31/4-4  2061 2181 65 2126 2246 0 
35/11-2  2532 2692 115 2647 2807 128 
35/11-4  1594 1784 18 1612 1802 0 
35/11-5  2298 2478 129 2428 2608 65 
35/11-6  2505 2655 159 2664 2814 96 
35/11-9  2003 2183 150 2153 2333 17 
31-4-2 Brage Host 1979 2139 25 2004 2164 19 

35/10-1 Marflo Spur 2714 2854 48 2762 2902 118 
35/10-2 Flatfisk Slope 3525 3650 97 3622 3747 131 
35/11-1 Reggeteinen Ridge 1633 1963 0 1633 1963 95 
35/12-1 Uer Terrace 1984 2464 37 2021 2501 159 
35/12-3  1638 1998 14 1652 2012 13  

c Corrected for exhumation estimated from Vp-Depth trend to represent the maximum burial depth. 
b Only considered interval between Draupne and top reservoirs section. 
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3. Database and methods 

The log-derived elastic properties can reveal the compaction history 
of a caprock. Moreover, the correlation between the present-day caprock 
properties and the paleo-depositional history can be illustrated by 
analyzing the petrographical images. However, the compaction pro-
cesses are too complicated due to the influence of several factors (i.e., 
tectonics, sea-level fluctuation, initial pore-water chemistry, etc.), 
which can be very difficult to predict. We utilized the data from 44 
exploration wells (Fig. 1) from the study area to evaluate Draupne and 
Heather formations caprock properties. Table 1 shows the available 
wells and structural setup; these wells represent the exhumation and 
thickness of Draupne and Heather formations. The majority of the wells 
(i.e., 31) are from the Horda Platform area (i.e., Bjørgvin Arch and Stord 
Basin); however, the remaining wells are the control points for other 
structural elements such as Lomre Terrace, Uer Terrace, Brage Host, 
Marflo Spur, Flatfisk Slope, and Reggeteinen Ridge. All the wells were 
used in the thickness map generation process, while 27 wells were 
selected based on Draupne Formation thickness (>10 m) and available 
logs (i.e., gamma-ray, density, p-sonic, resistivity, neutron porosity, etc.) 

for physical and mechanical property evaluation. Moreover, 10 wells out 
of 44 have available geochemical data (NPD, 2020), which were used to 
evaluate TOC maturation in the study area (Table 2). Also, three wells 
(32/2–1, 32/4–1 & 35/11–4) that have the core and cutting samples 
within the caprock intervals were selected for petrographic study and 
grain size analysis. 

3.1. Paleo-depositional environment and petrographic analysis 

The gamma-ray log signatures help to identify the sea-level fluctu-
ations and paleo-depositional variations within the local sub-basins. 
These depositional variations affect the rock properties during diagen-
esis (mechanical and chemical compactions). A funnel-shaped log curve 
in shallow marine setup reflects an upward increase in depositional 
energy with shallowing upward and coarsening while a bell shape rep-
licates upward fining with a decrease in energy. However, a block shape 
curve represents the minimal fluctuation of depositional energy (Emery 
and Myers, 1995). Moreover, the vertical stacking pattern of the gamma- 
ray log curve reveals the paleo depositional relation between accom-
modation spaces and sediment supply rates (Van Wagoner et al., 1988). 

Table 2 
Summary of the TOC and R0 from the available well reports (NPD, 2020). The corresponding log derived TOC is also shown for comparison.  

Formation Well name Structural Elements TOC (wt%) rock-eval  TOC (wt%) logc R0 (%)    

Mean STD N Mean STD Mean STD 
Draupne 31/3-1 Bjørgvin Arch 3.03 0.47 4 3.12 0.89 0.41 0.06  

31/5-2  2.62 1.21 7 2.57 1.21 – –  
31/4-3  5.71 1.00 1 5.19 2.24 0.33 –  
31/8-1 Stord Basin 3.35 1.78 12 3.50 1.74 0.36 0.02  
31/6-1  1.63 0.10 3 1.47 1.36 0.42 0.00  
31/6-3  1.47 1.04 9 1.75 2.37 0.55 0.04  
31/4-4 Lomre Terrace 2.71 2.26 3 2.18 1.94 – –  
35/11-4  0.71 1.05 6 1.01 0.64 0.45 0.05  
35/11-6  3.77 0.55 7 4.18 2.01 – –  
35/10-1 Marflo Spur 3.93 1.27 4 4.29 2.88 – – 

Heather 31/8-1 Stord Basin 6.18 1.30 2 4.92 0.57 – –  
31/6-1  2.62 0.25 2 0.93 1.28 – –  
35/11-6 Lomre Terrace 3.60 0.80 4 3.20 3.14 – –  
35/10-1 Marflo Spur 3.56 0.50 8 3.82 1.49 – – 

Mean (Harmonic); STD – Standard deviation; n – number of readings. 
c Predicted using equation 1. 

Fig. 3. a) Comparison of predicted TOC with the measured TOC (black dots; NPD, 2020) of Draupne and Heather formations in well 35/11–6. Calculations from 
ΔlogR method (Passey et al., 1990) are represented by the dotted line and from equation (1) using the bulk density by a solid line. The gamma-ray shows the 
variation with depth. b) Measured versus predicted TOC of the same data points show the correlation coefficient of two methods. 
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Accommodation spaces, however, are a result of sea-level fluctuation 
and paleo tectonic activity while sediment supply depends on the sedi-
ment sources and weathering processes. Therefore, the log shape and 
variations of the stacking pattern of Draupne and Heather formations 
within the study area were analyzed to evaluate the depositional dif-
ferences within the sub-basins. This paleo-depositional analysis is later 
validated using the petrographic interpretation. The interpretation of 
mineral fractions, grain sizes, and textural contrast was investigated by 
X-Ray diffraction (XRD), scanning electron microscope (SEM), and thin 
section analysis using the available core and cutting samples. 

3.2. Geochemical data and TOC prediction 

Organic matter types and maturation play vital roles for caprock 
properties; therefore, geochemical reports consisting of TOC (total 
organic carbon) data are scouted from the public domain database 
(NPD, 2020). Only 10 out of 44 wells have measured geochemical data; 
therefore, TOC for the rest of the wells was calculated using empirical 
relations (e.g., Passey et al., 1990; Vernik and Landis, 1996). Calculated 
TOC was calibrated with the laboratory-measured TOC acquired from 
the NPD (Norwegian Petroleum Directorate) database. Two methods 
were tested using the well 35/11-6 dataset, where the sonic and re-
sistivity logs were used in the ΔlogR method (Meyer and Nederlof, 1984; 
Passey et al., 1990) and density log in equation (1) (Vernik and Landis, 
1996; Carcione, 2000) to estimate TOC fractions. A comparison of pre-
dicted TOC using the two methods is shown in Fig. 3. 

Both methods show reasonable estimation; however, density gener-
ated TOC fraction has a better match with measured data compared to 
ΔlogR method (Fig. 3b). Therefore, we calculated density based TOC for 
all the studied wells using the following equation: 

TOC (wt%) = a[ρk(ρm − ρb) ]/[ρb(ρm − ρk) ] (1) 

Where, ρk is the kerogen density that has a range of 1.1–1.6 g/cm3 

(Hansen et al., 2019) and it depends on the maturation of organic matter 
(Vernik and Landis, 1996; Passey et al., 2010; Vernik and Milovac, 2011; 

Alfred and Vernik, 2013; Dang et al., 2016); ρm is the matrix density 
which depends on the mineralogy, grain fabric and diagenesis, i.e., clay 
mineral transformation (Hart et al., 2013; Carcione and Avseth, 2015); 
ρb is the bulk density log, and ‘a’ is the constant which is related to the 
fraction of carbon in organic matter and can vary according to the 
maturation level. For example, Vernik and Landis (1996) assume a = 67, 
while a = 70–85 is suggested by Vernik and Milovac (2011). 

In our calculation, the study area was subdivided into four zones 
based on the OM volume, type, and maturation. Overall the OM is type-II 
to type-III with immature in Horda platform area (i.e., Bjørgvin Arch and 
Stord Basin) and within the oil window in the deeper section in Lomre 
Terrace and Marflo Spur (Fig. 4). Based on this information, we fixed ‘a’ 
and ρk value for all the wells located in each sub-sections. Later, the 
matrix density (ρm) in equation (1) was used as the variable to get the 
best fit with measured TOC (Table 2). When there was a better match 
between the measured and calculated mean TOC values (Table 2), the 
same properties (i.e., ‘a’, ρk & ρm) used to calculate the TOC percentage 
for the rest of the wells (used the nearest measured well values). 

3.3. Compaction and caprock properties 

Caprock properties are varied significantly due to the maximum 
temperature and pressure it experienced. This whole rock compaction 
process was divided into zones where mechanical compaction is stress- 
dependent, and chemical compaction depends on temperature. There-
fore, the estimation of maximum burial depth of the zones of interest is 
necessary. Hence, the exhumation and temperature of each studied wells 
were calculated. The normal compaction trend-based (NCT-based) 
exhumation estimation was carried out to evaluate the maximum burial 
of the caprocks (Table 1). The silt-kaolinite (50:50) normal compaction 
trend (NCT) suggested by Mondol (2009) was used to estimate the 
exhumation. The maximum burial depth calculated in this study was 
calibrated with the published literature (Baig et al., 2019). The tem-
perature, however, estimated using BHT (bottom hole temperature) and 
TVD (total vertical depth) of the studied wells and denoted as: 

Fig. 4. a) Cross-plot of TOC versus S2 of Draupne and Heather formations showing the quality of the organic matter in the study area. The background template is 
modified after Peter (1986). (b) Pyrolysis Tmax versus Hydrogen Index (HI) of Draupne and Heather formations from ten wells in the northern North Sea, showing the 
kerogen type and thermal maturity, according to Hunt (1996). It also indicates the associated vitrinite reflectance (R0%) readings from NPD (2020). 
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m=
(y − c)

TD
(2)  

where m is thermal gradient, y is bottom hole temperature, c is mean 
annual temperature at the seafloor, and TD is the total depth below the 
seafloor. We used 5 ◦C as mean annual temperature for the study area. 

Based on the exhumation and corresponding maximum burial/tem-
perature, Draupne and Heather formations were divided into three sub- 
groups: i) MC-mechanically compacted, ii) TZ-transition zone, and iii) 
CC-chemically compacted. As TZ is a range instead of a single value, we 
defined 65–75 ◦C as the TZ for the study area (Table 3). The P-wave 
velocity (Vp) versus density (ρ) template is a good tool for acoustic 
property characterization where the background curves (i.e., friable 
sand model, 20%, 50%, 80% and 100% clay volume curves) were 
adapted from Avseth et al. (2005). This model called the 
Dvorkin-Gutierrez silty shale model, where the saturated elastic moduli 
of shale were estimated by using the Hashin-Shtrikman lower bound as a 
function of clay content, assuming the adding silt grains consist of 100% 
quartz (Avseth et al., 2005). Moreover, the effect of the volume of shale 
within the caprocks was assessed by comparing the volume of clay (Vsh) 
data points with the background curves. Though the gamma-ray (GR) is 
the proxy for the volume of clay in any formation, the GR values also 
depend on many other factors. We calculated the volume of shale (Vsh) 
from the gamma-ray log using Larionov’s (1969) younger (MC zone 
wells) and older (CC zone wells) rock equations. The elastic properties 
such as Young’s Modulus (E), Poisson’s Ratio (ν) and Lame parameters 
such as LambdaRho (λρ) and MuRho (μρ) was characterized using the 
templates where the background curves were adapted from Grieser and 
Bray (2007) and Perez and Marfurt (2014). These properties represent 
the geomechanical properties of the caprock under stresses, and for their 
calculations, P-wave velocity (Vp), S-wave velocity (Vs), and density are 
required. Vp and density are available, but Vs (shear wave velocity) is 
not recorded in any of the studied wells; therefore, we predict Vs using 
Random Forest (RF) - a machine learning algorithm. We tested several 

algorithms, where the RF yielded comparatively better results. 
A prestack seismic inversion was also carried out for the 3D seismic 

volume GN1101 (Fig. 1b) covering the Smeaheia area (East of the study 
area) penetrated by two exploration wells (32/2–1 & 32/4–1). A set of 
five available partial stacks were used comprising angles 0–10◦, 10–20◦, 
20–30◦, 30–40◦, and 40–50◦ to perform prestack inversion. Before 
extracting statistical wavelets from all the five partial stacks, a pre-
conditioning alignment of traces using a non-rigid method (NRM) was 
carried out. Both the wells were correlated with seismic and obtained 
moderate to good correlation coefficient (0.6–0.7). Finally, the simul-
taneous inversion was applied to the partial stacks to obtain the acoustic 
impedance (AI) cube. The geometrical mean of AI value of Draupne and 
Heather formations was calculated using the surface attribute function. 

3.4. Brittleness indices 

The brittleness index (BI), which is the qualitative measure of rock 
behavior, was also estimated. The mineralogical composition of the 
caprocks significantly influences the geomechanical properties. The 
fraction of stiff minerals increases the caprock brittleness, while the 
ductile components decrease it. Several correlations are tested using 
published equations (Jarvie et al., 2007; Glorioso and Rattia, 2012; 
Alzahabi et al., 2015) within which Jarvie et al. (2007) equation (Eq. 
(3)) provide a better estimate of mineralogy-based brittleness index 
(MBI1) for the studied caprocks: 

MBI1 =
Qtz

Qtz + Carb + Cly
(3)  

where Qtz is Quartz, Carb is Carbonate, and Cly is Clay. MBI1 = 1 in-
dicates brittle behavior, while MBI1 = 0 represents the ductile behavior 
of the caprocks. It is noteworthy to mention that several authors 
considered dolomite (Wang and Gale, 2009), carbonate (Glorioso and 
Rattia, 2012), feldspar (Jin et al., 2014) and pyrite (Alzahabi et al., 

Table 3 
Present and maximum burial depth with the corresponding temperature of Draupne and Heather formations dividing the wells into three compaction clusters (MC, TZ, 
and CC).   

Well 
name 

Draupne Formation Heather Formation   

Present Depth (m 
BSF) 

P. Temp. 
(0C) 

Max.a Depth (m 
BSF) 

M. Temp. 
(0C) 

Present Depth (m 
BSF) 

P. Temp. 
(0C) 

Max.a Depth (m 
BSF) 

M. Temp. 
(0C) 

MC 32/2-1 453 15.9 1253 43.9 508 17.8 1308 45.8  
32/4-1 774 27.1 1474 51.6 880 30.8 1580 55.3  
31/3-1 963 33.7 1343 47.0 995 34.8 1375 48.1  
31/6-1 986 34.5 1316 46.1 1011 35.4 1341 46.9  
31/6-2 996 34.9 1456 51.0 1109 38.8 1569 54.9  
31/6-3 1044 36.5 1474 51.6 1169 40.9 1599 56.0  
31/6-6 1056 37.0 1526 53.4 1185 41.5 1655 57.9  
31/6-5 1061 37.1 1451 50.8 1153 40.4 1543 54.0  
31/2-1 1066 37.3 1186 41.5 1092 38.2 1212 42.4  
31/6-8 1087 38.0 1417 49.6 1160 40.6 1490 52.2  
31/2-2 1126 39.4 1256 44.0 1189 41.6 1319 46.2  
31/5-2 1133 39.7 1323 46.3 1174 41.1 1364 47.7  
31/3-2 1176 41.2 1496 52.4 1202 42.1 1522 53.3  
31/3-3 1193 41.8 1713 60.0 1242 43.5 1762 61.7  
31/2-8 1451 50.8 1681 58.8 1467 51.3 1697 59.4  
35/11-4 1594 55.8 1784 62.4 1612 56.4 1802 63.1  
31/8-1 1664 58.2 1914 67.0 1774 62.1 2024 70.8  
31/4-10 1749 61.2 1869 65.4 1769 61.9 1889 66.1  
31/4-3 1815 63.5 1985 69.5 1823 63.8 1993 69.8 

TZ 31/4-6 1968 68.9 2118 74.1 1981 69.3 2131 74.6  
31-4-2 1979 69.3 2139 74.9 2004 70.1 2164 75.7  
31/4-4 2061 72.1 2181 76.3 2126 74.4 2246 78.6 

CC 35/11-5 2298 80.4 2478 86.7 2428 85.0 2608 91.3  
35/11-6 2505 87.7 2655 92.9 2664 93.2 2814 98.5  
35/11-2 2532 88.6 2692 94.2 2647 92.6 2807 98.2  
35/10-1 2714 95.0 2854 99.9 2762 96.7 2902 101.6 

Temperature were calculated using the avearge temperature gradient (350C/KM). 
a Corrected for exhumation estimated from Vp-Depth trend to represent the maximum burial depth. 
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Fig. 5. Stratigraphic correlation along W-E and N–S cross-sections, flattened on top of the Draupne Formation showing the thickness variation with variable gamma- 
ray log patterns (cylindrical, funnel, and bell) in Draupne and Heather formations, which reveal the paleo-depositional changes. The insert map shows the profile 
locations and structural elements. 
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2015; Rybacki et al., 2016) as stiff minerals while TOC (Wang and Gale, 
2009) as a ductile component. Considering this, we modified equation 
(3) and proposed the following equation for mineralogy-based brittle-
ness index (MBI2): 

MBI2 =
Qtz + Carb + Fsp + Py

Qtz + Carb + Fsp + Py + Cly + TOC
(4)  

where Fsp is Feldspar, Py is Pyrite, and TOC is total organic carbon, and 
MBI2 ranges between 0 (ductile) to 1 (brittle). Like MBI, elastic property 
based brittleness indices (EBI) are also available (i.e., Grieser and Bray, 
2007; Rickman et al., 2008; Sharma and Chopra, 2012; Chen et al., 
2014; Jin et al., 2014). We estimated the EBI using two elastic 
property-based empirical equations proposed by Grieser and Bray 
(2007) and Fawad and Mondol, 2020; unpublished, patent-pending on 
the procedure). The Grieser and Bray (2007) empirical equation is: 

EBI1 =
1
2

[
E − Emin

Emax − Emin
+

ν − νmax

νmin − νmax

]

(5)  

where E is static Young’s modulus, Emax is 69 GPa, Emin is 0 GPa, and ν is 
static Poisson’s ratio, νmax is 0.5, νmin is 0. Also, the higher the EBI1 value 
is, the more brittle the caprock would be. 

The log driven dynamic Young’s modulus and Poisson’s ratio were 
converted to log-based static values using Mullen et al. (2007) equation: 

Estat =

[
Edyn

3.3674

]2.042

(6)  

νstat = νdyn (7) 

The equation proposed by Fawad and Mondol (2020; unpublished, 
patent-pending on the procedure) is: 

EBI2 =
0.00044AI − 1.3 −

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
0.62 Rw

RD

√
(0.00019AI + 0.25)

1.35 + 0.00028AI
(8)  

where AI is the acoustic impedance (g/cm3✕m/s); RD is true formation 
resistivity (ohm-m), and RW is the resistivity of pore water (ohm-m). 
Here we define the brittleness as an increase in stiffness of a rock due to 

compaction and addition of stiff mineral content (quartz, carbonate, or 
dolomite). Equation (8) is based on the physical and elastic properties of 
the organic matter (kerogen), quartz, and clay/water as end-members of 
a ternary model. 

4. Results 

4.1. Paleo depositional variation 

The gamma-ray log shape is analyzed to identify the local deposi-
tional variations (i.e., facies changes) between the different sub-basins 
in the study area. The wells used for this analysis are carefully chosen 
so that all the structural elements (NPD, 2020) are represented, and the 
whole study area is covered. The N–S and W-E well sections (Fig. 5), 
consisting of 14 wells representing all the sub-basins, are used for this 
analysis. The number and type of log shapes vary within the wells and 
studied formations (i.e., Draupne and Heather). There is a sharp 
boundary observed between Heather and Draupne formations in wells 
(31/4–2, 31/4–10 & 31/8–1) in the SW part while more gradual changes 
observed in the rest of the study area (Fig. 5). The number of log cycles is 
thickness dependent. Wells, with a considerable thickness of Draupne 
and Heather formations, have more variety of patterns than the wells 
(31/2–8, 31/3–1, 31/4–2, and 35/11–4) penetrated thin sections mostly 
a single shape observed. The gamma-ray log shape patterns, however, do 
not follow any specific trend in some wells (such as wells 31/6–8 & 35/ 
11-6 drilled in specific structural elements), which rather have a mixture 
of different patterns within the zones studied. 

The gamma-ray values also show a considerable variation within the 
same formation as well as between Draupne and Heather formations. 
Generally, Heather Formation has low values of gamma-ray values 
compared to Draupne Formation, which might be an indication of the 
variation of depositional energy (i.e., higher energy leading to coarser 
grains in Heather Formation). However, depending on the locations and 
thickness, GR value varies significantly. The highest GR value in 
Draupne Formation is observed in the wells 31/4–2, 31/4–10, and 31/ 
8–1. These wells are located within the south-western part of the study 
area covering part of the Stord Basin and Lomre Terrace. The lowest GR 

Fig. 6. The thickness maps generated from well log data for a) Draupne Formation and b) Heather Formation. A NNE-SSW zero thickness trend occurs in both 
formations. The contour intervals are 10 m in both maps. 
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values are found near the Troll West area in well 31/2–8. 
The paleo-depositional environment also affects the thickness of a 

formation. Along with sea-level fluctuation, thickness reflects the ac-
commodation spaces and sediment supply during deposition. The 
thickness map reveals the paleo-depocenters within the study area. The 
thickness map of Draupne and Heather formations shows significant 
thickness variation with local depocenters within the study area (Fig. 6). 
Moreover, local highs and lows are following the fault orientation. The 
thickness of Draupne Formation ranges between 0 and 160 m, while it is 
0–159 m in Heather Formation. A NE-SW zero thickness trend find 
following the Troll fault zone in both formations where the Troll fault is 
the boundary between the eastern platform area (Horda Platform) and 
the deep western basin (Viking Graben). The thickness of the Draupne 
Formation gradually increases in both NW and SE directions from the 
zero thickness trend. However, few local depocenters are also observed 
with higher thickness than the surroundings. In contrast, the thickness of 
Heather Formation increases towards West and NW direction (mainly in 
the deep basin area) while a blanket like deposition (minimal thickness 
variation) observed in the platform area (Fig. 6b). However, a moderate 
increase in thickness is found in the down-thrown block of the Vette 
fault near well 31/6-6, where a depocenter is also evident in the 
Draupne thickness map (Fig. 6a). 

4.2. Mineral composition and texture 

Bulk mineralogical analysis tells us the total percentage of minerals 
without indicating their origin. However, mineralogical information (i. 
e., the fraction of stiff and soft minerals) defines the geomechanical 
properties of the caprock. The bulk mineral fractions of Draupne and 
Heather formations are divided into three clusters; i) stiff quartz, feld-
spar, and pyrite (QFP), ii) soft clay and TOC, and iii) carbonate (Fig. 7). 

In general, the carbonate fractions within the study area are relatively 
low (<10%) except in the case of Heather Formation in well 32/4–1, 
which has 25% of carbonate (mainly siderite). The higher percentage of 
stiffer minerals (~70%) are found in the Draupne sample in well 35/ 
11–4, while other samples have a higher percentage of softer minerals 
(>55%). The highest and lowest percentage of soft minerals are present 
in wells 32/2–1 and 35/11–4 in Draupne Formation, respectively. In-
dividual quartz and clay fractions also show significant variations within 
the studied samples (Table 4). There is no significant variation observed 
between Draupne and Heather formations. However, within the same 
well higher percentage of stiff minerals are found in Heather Formation 
compared to the Draupne Formation. 

Bulk mineralogy can be estimated from XRD analysis, but it is not 
possible to distinguish between the diagenetic or detrital phases. 
Therefore, petrographic observation is carried out to define the origin 
and texture of these constituents. Textural heterogeneity within the seal 
rocks is related to the relative alignment of minerals, mineral aggre-
gates, organic matter or other components, and diagenesis, etc. 
Texturally caprock shales are often heterogeneous at the micrometer to 
millimeter scale when examined petrographically. In this study, scan-
ning electron microscope (SEM) images from Draupne and Heather 
formations are analyzed to evaluate textural variation (Figs. 8 and 9). 
Draupne Formation in wells 32/2–1 and 32/4–1 is fine-grained with a 
matrix-supported framework compared to well 35/11–4, which has 
comparatively coarser grains with a mixed type framework. Both forms 
of shallow diagenetic pyrite (framboids and euhedral shape) are 
precipitated in well 35/11–4 (~22%), while wells 32/2–1 and 32/4–1 
(1–2%) have only local framboid pyrite. Pyrite precipitation mainly 
depends on the initial pore fluids geochemical composition, where the 
pyrite framboids iron monosulfide (spherical aggregates of micrometer- 
sized pyrite crystals) is associated with organic matter (Figs. 8 and 9) 

Fig. 7. The Ternary plot represents the compositional variability of Draupne and Heather formations within the three wells 32/2–1, 32/4–1, and 35/11–4. Note that 
carbonate minerals consist of calcite, dolomite, and siderite. 

Table 4 
Summary of bulk mineralogy and TOC of Draupne and Heather formations. Log-derived TOC is also shown for comparison.  

Formation Well no. Mineralogy from XRD (wt%) TOCa TOC (wt%) logb   

Quartz Feldspar Pyrite Carbonate Total Clay (wt%) Mean STD 

Draupne 32/2-1 18 4 1 5 70 2.81 2.26 1.31  
32/4-1 25 0 2 5 66 2.78 1.72 0.96  
35/11-4 43 6 22 0 28 2.08 1.01 0.64 

Heather 32/2-1 24 10 1 8 55 2.64 1.63 0.54  
32/4-1 15 8 1 25 49 2.31 1.08 0.81  

a TOC estimated from elementary study from the same core and cuttings used in XRD. 
b Corrected for exhumation estimated from Vp-Depth trend to represent the maximum burial depth. 
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Fig. 8. High-resolution backscatter SEM images of Draupne Formation show the changes in composition and texture in a single caprock unit from wells 32/2–1 (a, b 
& c), 32/4–1 (d, e & f) and 35/11–4 (g, h & i). All the white dots are the pyrite (Py.) framboids and euhedral shape, which have a significant variation in volume and 
distribution within the studied wells. The abbreviations of Q.-Quartz, Gl.-Glauconite, Ap.-Apatite, Bio.-Biotite, K-fel.-K-Feldspar, Al.-Albite, Chl.-Chlorite, and Car.- 
Carbonate are used for simplicity. Note the variability of scale in different images. 

Fig. 9. High-resolution backscatter SEM images of Heather Formation show the changes in composition and texture from wells 32/2–1 (a, b & c) and 32/4–1 (d, e & 
f). The abbreviations of Q.-Quartz, Gl.-Glauconite, Kao.-Kaolinite, Mu.-Muscovite, K-fel.-K-Feldspar, Al.-Albite, Py.-Pyrite, and Ilm.-Ilmenite are used for simplicity. 
Note the variability in scale between images. 
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and direct precipitation of micrometer-sized euhedral crystals are linked 
with iron oxide minerals (Fig. 8i) (Taylor and Macquaker, 2011). These 
observations indicate that there is a variation of initial fluid geochemical 
components between NW and SE wells. In contrast, Heather Formation 
has diagenetic quartz in both wells 32/2–1 and 32/4–1. Heather For-
mation has comparatively coarser grains compared to the Draupne 
Formation within the same wells except well 35/11–4, where a coarser 
Draupne Formation is observed. The number of samples is limited, but 
still, it is possible to identify the sub-zones with varying mineralogy and 
fabric. Based on our analysis, the NW part of the zero thickness trend is 
course-grained with low percentage of soft minerals assemblages 
compare to the south-eastern area where caprocks are fine-grained with 
a high percentage of soft minerals. 

4.3. TOC distribution 

Paleo-depositional variations also influence the variation in original 
TOC content and its preservation during and after deposition. The 
present-day TOC fraction depends on the anoxic condition of the sea-
floor during deposition and the preservation processes after deposition. 
The TOC distribution map based on well data points (calculated using 
equation (1)) shows significant TOC variation within the study area. 
Though there is considerable uncertainty in the calculated TOC (equa-
tion (1)), the harmonic average (Table 2) and the location of the 
measured TOC wells (solid black points in Fig. 10) added confidence in 
the TOC distribution map. Different TOC trends are observed between 
the Draupne and Heather formations. Lower TOC in Draupne Formation 
is found in the Troll area, which continued in the SE direction covering 
the Bjørgvin Arch and Stord Basin (Horda Platform), while the North and 

Fig. 10. Maps of TOC distribution based on the log derived well data points (harmonic average) of a) Draupne and b) Heather formations. Note that the contour 
interval is 0.5%. 

Fig. 11. The temperature map on top of Draupne Formation calculated using a geothermal gradient of 35 ◦C/Km representing a) present-day temperature and b) the 
maximum (exhumation corrected) temperature. The contour interval is 10 ◦C showing a gradual increase in temperature from southeast to northwest. 
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SW part of the areas have higher TOC covering the northern part of 
Lomre Terrace, Marflo Spur, and Brage Host. In contrast, Lower TOC in 
Heather Formation follows an NW-SE trend in the middle of the study 
area and increases both NE and SW directions (Fig. 10). 

4.4. Compaction and properties of caprocks 

The caprock properties are gradually altered due to the compaction 
processes (MC and CC). The transition between MC and CC in caprocks 
are mainly dependent on temperature and the mineralogy of the zone. 
Due to the lack of mineralogical analysis, the transition zone (TZ) of the 

Fig. 12. Crossplots of Density versus Vp of Draupne and Heather formations from the eight selected wells representing MC, TZ, and CC data, color-coded by well 
names (a & b), Vsh (c & D) and Temperature (e & f) with the reference curves adapted from Avseth et al. (2005). (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.) 
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studied area is defined by only the maximum temperature experienced 
by the caprock formations. The mechanical compaction in sandstone is 
dominated at temperature 70 ◦C considering 35 ◦C/km geothermal 

gradient; however, the transition for fine-grain particle-like shale de-
pends on many other factors (i.e., mineralogy, type of clay, pore water 
chemistry, etc.) and ranges between 600 to 120 ◦C (Bjørlykke et al., 

Fig. 13. Cross-plot of Young’s modulus versus Poisson’s ratio of a) Draupne and b) Heather formations with the reference curves adapted from Perez and Mar-
furt (2014). 

Fig. 14. Crossplots of density versus Vp of Draupne Formation data from the mechanically compacted (MC) wells color-coded by well names (a), and Vsh (b, c & d) 
with the reference curves adapted from Avseth et al. (2005). The circle represents the wells located in the SE part from zero thickness, while the triangles represent 
the NW wells. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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2015). In this study, a range, i.e., 65–75 ◦C is used as a transition zone 
considering the uncertainties. According to present-day temperature on 
top of the Draupne Formation, the majority of the studied wells are 
within the MC zone compared to TZ and CC. However, after the exhu-
mation correction, the numbers of wells falling in TZ and CC are 
increased (Table 3). The present and maximum temperature map on top 
of the Draupne Formation show the spatial distribution within the 
different sub-groups (Fig. 11). The northwestern part of the studied area 
is in the realm of chemical compaction, which covered the Lomre terrace 
and Marflo Spur structural elements. In contrast, the western part of the 
Stord Basin is within the TZ temperature, and the rest of the platform, 
including the Troll Gas Field area, is within the MC zone. A similar 
temperature trend is also observed in the Heather Formation tempera-
ture distribution maps. 

The Vp and density data of Draupne and Heather formations from 
eight wells covering all sub-groups (MC, TZ & CC wells) are cross-plotted 
to evaluate variations of the caprock elastic properties (Fig. 12). We find 
no specific clusters for different sub-group in Draupne Formation; 
instead, a mixture of different well clusters is observed. The stiff rock 
(high Vp & density) data points are from an MC well 35/11–4 and a CC 
well 35/11–6, while the soft rock (low values of Vp & density) is rep-
resented by an MC well 31/5–2 and the TZ well 31/4–2. The rest of the 
wells, which are from all three sub-groups, show data in the interme-
diate range. We find no trend in Vsh and temperature as high and low- 
temperature data is clustered in the same region (Fig. 12e). Heather 

Formation also shows a similar pattern (no sub-group clustering) of data 
distribution and temperature variation, but overall the elastic properties 
have higher values compare to Draupne Formation (Fig. 12b). More-
over, in this formation, all the wells show silty to sandy type shales, 
which have significant variations of elastic properties compared to the 
Draupne data points. 

Geomechanical properties in the study area show similar trends like 
acoustic properties. The wells plotted in the Vp-density plain also used in 
this analysis, which covers wells from MC, TZ, and CC zones. The soft 
Draupne Formation (low E and high PR) data points are plotted from 
wells 31/5–2, 31/4–2, 32/2–1, and 31/8–1 while high values of E and 
comparatively low values of PR observed in wells 35/11–4 and 35/11–6 
(Fig. 13). However, the data from wells 31/4-4 and 35/10-1 have a 
wide-range where data from both wells started in the very soft-clustered 
area but ended up following the trend with a significant decrease in PR. 
A gentle increase in E is found in well 35/10–1, and an increase in E with 
a constant PR observed in well 31/4-4 (Fig. 13a). In contrast, Heather 
Formation seems to be stiffer than Draupne Formation but follows a 
similar increasing trend (i.e., increasing E but with a constant range of 
PR) (Fig. 13b). For further analyses, individual sub-groups are investi-
gated in the successive sections under the different subheadings. 

4.4.1. Caprock properties in shallow depth wells (MC) 
Vp and density data points of seven wells of Draupne Formation 

located in the MC zone (MCZ) are chosen to evaluate variations of 

Fig. 15. Density versus Vp cross-plot of Draupne Formation based on data from the transition zone (TZ) wells color-coded by well names (a), temperature (b), Vsh 
(c), and RD (d) with the reference curves adapted from Avseth et al. (2005). (For interpretation of the references to color in this figure legend, the reader is referred to 
the Web version of this article.) 
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caprock properties. Two different symbols (i.e., circles and triangles) are 
used to separate the NW, and SE wells, where the circles represent SE, 
whereas the NW wells are denoted as triangles. The Draupne Formation 
situated in MCZ shows a significant variation of Vp and density where 
the NW wells 31/2–8, and 35/11-4 show stiff nature (high Vp & Density) 
compared to the wells from the SE part (Fig. 14). However, the well 31/ 
3-3, which is located in the SE part, has an intermediate range of 
properties. Vsh values within the studied MC wells also vary signifi-
cantly. Wells 31/5–2, 32/2–1, and 35/11–4 are more clayey compared 
to the other wells, whereas wells 31/3–1, 31/3-3, and 31/6–1 are less 
clayey with almost 0% clay in well 31/2–8. However, the distribution of 
caprock properties within the wells is not following the mechanical 
compaction trend. For example, wells 31/2–8 and 35/11-4 have a sig-
nificant variation in Vsh but cluster in one location, while wells 31/3–1, 
31/5–2, 31/6–1, and 32/2–1 contain soft rock with different depth and 
Vsh value. Another observation between wells 32/2–1 and 35/11–4 is 
that both wells have a high percentage of Vsh where well 32/2–1 follows 
the higher clay reference curve (80–100% clay line), while well 35/11–4 
is shifted diagenetically and follows the 50-20% clay curves (Fig. 14d). 
The high values of Vp and density in well 35/11-4 might be due to a 
difference in grain size and precipitation of pyrite (Fig. 8h&i). There-
fore, the higher Vsh percentage has not much effect on density and ve-
locity in this case. On the contrary, the Draupne zone is silty in well 21/ 
2–8 owing to a low Vsh value with high values of Vp and density. 
Therefore, the log driven caprock properties need validation with the 

petrographic analysis before deriving any conclusion. 

4.4.2. Caprock properties in intermediate depth wells (TZ) 
Two wells penetrated the studied caprocks in TZ are analyzed for 

characterizing the caprock properties. Data points from wells 31/4–2 
and 31/8-1 have lower Vp and density values. All the wells have a high 
percentage of clay content (high Vsh) generally following the 80% clay 
curve. However, data from wells 31/8–1 and 31/4–2 are scattered 
within the 80-50% clay range. Overall the data signify the soft nature of 
the caprock zone though the temperature is quite high (Fig. 15b). 

4.4.3. Caprock properties in deeply buried wells (CC) 
Draupne Formation falling in the CC zone (CCZ) in three wells within 

the study area is plotted in the Vp-density rock physics template to 
evaluate variations of rock properties within the CC wells (Fig. 16). 
There are significant variations of rock properties observed where well 
35/11-6 has stiff (high Vp & density) rocks compared to wells 35/10–1 
and 35/11–2. Though the difference in temperature and resistivity 
values are not significant, comparatively lower temperatures and higher 
deep resistivity are found in well 35/11–6. The Vsh values show 
considerable variations within the wells and with the reference curves. 
The soft (low Vp and density) properties well 35/10-1 has high values of 
Vsh and follow the 100% clay line. However, the data points of well 35/ 
11-2 shift upward, having higher values of velocity and similar density 
with decreasing Vsh. In contrast, well 35/11-6 has higher Vp and density 

Fig. 16. Cross-plot of density versus Vp of Draupne Formation data retrieved from the chemically compacted zone (CCZ) color-coded by well names (a), temperature 
(b), deep resistivity (c), and Vsh (d) with the reference curves adapted from Avseth et al. (2005). (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.) 
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but the same range of Vsh compared to well 35/11–2 (Fig. 16d). 
Differences in caprock properties within the studied wells also re-

flected in the property maps generated from the average values. 
Acoustic Impedance (AI) and Young’s Modulus (E) of Draupne and 
Heather formations’ spatial distribution within the studied area are 
shown in Fig. 17. The same color scale is used for both formations to 
compare those properties variations visually. Both formations have 
lateral change within the study area where the Draupne Formation has 
higher contrast than the Heather Formation. Moreover, the property 
variation tends to follow the structural elements, especially the major 
faults. The softer Draupne caprock (low values of AI and E) found in the 
Troll area is bounded by Vette fault in the east and Troll fault in the west. 

There is a stiff rock trend observed in the north of the Troll field, which 
follows a NE-SW strip. However, following the stiff rock trend, a 
comparatively softer rock found in the north-western corner of the study 
area. In contrast, Heather Formation’s rock properties follow a different 
pattern where the relatively soft rock is found in the Troll Field area, 
which gradually becomes stiff in all directions. 

4.5. Brittleness indices 

Draupne and Heather formation’s brittleness indices values are 
summaries in Table 5. Four different BI’s (EBI1, EBI2, MBI1 & MBI2) are 
estimated to evaluate the geomechanical properties of the caprocks 

Fig. 17. Caprock property maps generated using the well data points of Draupne and Heather formations showing AI in Draupne (a), AI in Heather (b), E in Draupne 
(c), and E in Heather (d). The same color scale is used for each property within both formations to show the variability. (For interpretation of the references to color in 
this figure legend, the reader is referred to the Web version of this article.) 
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where the EBI’s are calculated using elastic properties, and mineralog-
ical fractions are used to estimate the MBI’s. Overall the Draupne and 
Heather formations show the BI values tend to be more ductile with few 
less ductile readings in Heather Formation. However, there is a signifi-
cant variation observed within the values estimated by the various BIs. 
EBI1, which is calculated from Young Modulus (E) and Poisson’s ratio 
(PR), has lower BI values than EBI2, which is estimated using AI and RD. 
Similar differences are also found between MBI1 and MBI2 where MBI2 

has higher BI value than MBI1. This is expected as MBI2 considered all 
the brittle minerals (i.e., quartz, feldspar, pyrite, and carbonate) to 
calculate BI compared to only quartz in MBI1. However, EBI1 has a good 
match with MBI1 and, similarly, EBI2 with MBI2. In well 35/11–4, where 
the percentage of ductile minerals (Clay and TOC) has a meager influ-
ence, the estimated MBIs are significantly higher than EBIs. Moreover, 
this well represents the highest BI value (0.70) within the studied wells. 

BI maps of Draupne and Heather formations show a significant 
lateral variation of the caprock brittleness properties within the study 
area (Fig. 18). According to the maps, the less ductile zones are found in 
Heather Formation, which is calculated using equation (8) (Fig. 18d). 
Overall, as seen in the well average, EBI2 is stiffer than EBI1, wherein 
both scenarios, Heather Formation is less ductile, the BI maps also 
represent a similar trend. Moreover, the maps illustrated that the more 
ductile caprock located in the center of the study area, mainly covering 
the Troll Field and gradually increasing in all directions. However, in 
Draupne Formation, a NE-SW trending brittleness anomaly exists in the 
NW corner of the study area (Fig. 18a&c). 

4.6. Brittleness indices trend 

In this analysis, we are evaluating the qualitative brittleness 
increasing trends based on elastic impedance-based brittleness in 
Young’s modulus (E) versus Poisson’s ratio (PR) and LMR (LamdaRho 
versus MuRho) templates. We choose six wells (31/4–2, 31/8–1, 32/ 
2–1, 35/10–1, 35/11–4 & 35/11–6) with different depth levels to cover 
the whole vertical compaction ranges and cover the area spatially. There 
is a significant difference observed in brittleness increment trend when 
compared with reference curves (Figs. 19 and 20). According to Grieser 

and Bray (2007) zonation, the studied Draupne and Heather formations 
data points fall within the brittle area though the brittleness indices 
values are quite low (Fig. 19). However, the brittleness indices increase 
with increasing E. 

There is also a significant difference observed in the brittleness 
increment trend between the studied data points and reference curves in 
the E versus Poisson’s ratio cross-plots (Fig. 20). In E versus PR cross- 
plot, the Draupne and Heather formations data points follow an 
increased brittleness trend with increasing E and a constant range of PR. 
Moreover, a zone of very low values of E and high values of PR is found, 
which does not follow the trend and exhibits very low brittleness hence 
deemed ductile. Similar different pattern finds in λρ versus μρ cross-plots 
where the reference curve brittleness increases with a moderate rise in 
μρ and decrease in λρ while brittleness of Draupne and Heather forma-
tions increase with increasing λρ and μρ (Fig. 20c & d). 

4.7. Variation of AI in prestack inverted cube 

The prestack inverted cube of acoustic impedance (AI) of Draupne 
and Sognefjord formations shows the lateral amplitude variation in the 
Smeaheia area (Fig. 21b). An increasing trend of amplitude follows the 
time structural dipping trend, i.e., increases from NE to SW direction 
(Fig. 21a). A similar amplitude increasing trend also observed in the 
cross-section where the AI value of Draupne and Heather formations 
gradually increases from NE to SW direction (Fig. 21c), which strongly 
follows the log-derived elastic and geomechanical properties (Fig. 17). 
The log-based AI and Young’s modulus (E) of Draupne and Heather 
formations within the seismic cube boundary (GN1101) show a similar 
gradual increase in properties. Moreover, the elastic log-based brittle-
ness indices estimated using empirical equations confirm the same trend 
(Fig. 18). The relation between inverted seismic volume and geo-
mechanical property (i.e., brittleness) helps for the qualitative charac-
terization of organic-rich caprock from seismic data. 

Table 5 
Comparison of average brittleness indices within various structural elements, and brittleness calculated by different equations for Draupne and Heather formations.  

Well no. Structural Elements (NPD) Draupne Formation Heather Formation   

EBI1 EBI2 MBI1 MBI2 EBI1 EBI2 MBI1 MBI2 

31/2-1 Bjørgvin Arch 0.14 0.18 – – – – – – 
31/2-2  0.13 0.07 – – – – – – 
31/2-6  0.17 0.02 – – – – – – 
31/2-8  0.36 0.50 – – – – – – 
31/3-1  0.14 0.17 – – 0.22 0.38 – – 
31/3-2  0.24 0.15 – –   – – 
31/3-3  0.25 0.31 – – 0.29 0.39 – – 
31/4-3  0.18 0.23 – – – – – – 
31/4-8  0.21 0.33 – – – – – – 
31/4-10  0.16 0.20 – – – – – – 
31/5-2  0.13 0.17 – – 0.27 0.42 – – 
32/2-1  0.14 0.26 0.19 0.27 0.23 0.37 0.27 0.43 
35/11-7  0.34 0.49 – – – – – – 
31/6-1 Stord Baisn 0.13 0.17 – – 0.17 0.26 – – 
31/6-2  0.18 0.24 – – 0.30 0.41 – – 
31/6-3  0.15 0.24 – – 0.33 0.48 – – 
31/6-5  0.14 0.14 – – 0.28 0.41 – – 
31/6-6  0.17 0.22 – – 0.32 0.46 – – 
31/6-8  0.14 0.20 – – 0.23 0.36 – – 
31/8-1  0.18 0.28 – – 0.34 0.50 – – 
32/4-1  0.26 0.36 0.26 0.31 0.28 0.43 0.17 0.49 
31/4-4 Lomre Terrace 0.19 0.32 – – – – – – 
35/11-2  0.21 0.37 – – 0.36 0.55 – – 
35/11-4  0.32 0.49 0.61 0.70 – – – – 
35/11-6  0.28 0.41 – – 0.53 0.61 – – 
31-4-2 Brage Host 0.13 0.23 – – 0.38 0.51 – – 

35/10-1 Marflo Spur 0.20 0.31 – – 0.29 0.46 – –  
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5. Discussion 

5.1. Paleo depositional environment 

Based on the gamma-ray log pattern, height, and the corresponding 
values (Emery and Myers, 1996), a significant variation is found in the 
paleo-depositional environment of Draupne and Heather formations 
within the study area. This differences might influence the mineralogy, 
grain size, fabric, initial pore fluids geochemistry, etc. as shales in a 
basin typically follow a systematic vertical pattern with the fluctuation 
of relative sea-level changes. However, tectonics, climate, and relative 
sea-level condition affect the ultimate character of that basin-fill 

succession (Slatt, 2011). These factors have a direct effect on the caprock 
integrity, which are observed in log derived elastic and geomechanical 
properties. However, without a basin-wide analysis of the sediment 
input and deposition system, it is challenging to identify the factors that 
influence a small area like this study. Considering these uncertainties, 
gamma-ray still represents the local variation and proves to be an 
excellent tool for qualitative interpretation. 

According to the gamma-ray log shape and value in the studied area, 
the possible high energy sediments (mainly silt) within Draupne caprock 
was deposited in the NW close to the Lomre Terrace area, while in the SE 
(including the Bjørgvin Arch, and Stord Basin) possessed a proximal 
shelf depositional environment within a marine embayment. However, 

Fig. 18. Brittleness Index maps calculated from average well data points using Grieser and Bray (2009) for a) Draupne and b) Heather formations, and Fawad and 
Mondol (2020, unpublished, patent-pending on the procedure) for both c) Draupne and d) Heather formations. The contour interval is 0.025, and the same color scale 
is used for all the maps to show the variability between equations and formations. (For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 
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the distal shelf environment in the SW and western areas, which cover 
the SW part of the Stord Basin and Lomre Terrace, is more clayey with a 
higher fraction of organic matter. Other major faults (i.e., Vette, Tusse, 
Svartalv, Idunn, etc.) also influenced the local thickness, which ulti-
mately impacted the mineralogy, grain size and fabric, and initial pore 
water chemistry. The local depocentres interpreted in the thickness 
maps explain the effect of the fault-related accommodation spaces 
variation during deposition, and the consequence of that was also 
observed in the log shape and vertical stacking pattern differences 
within the studied wells (Fig. 5). These depositional variations influ-
enced the mineral assemblages within Draupne and Heather formations. 
Significant changes of stiff (i.e., quartz, pyrite, feldspar, and carbonate) 
and soft (i.e., clay, organic matter) mineral fractions were found within 
NW (35/11–4) and SE (32/2–1 & 32/4–1) wells. The well 35/11-4 has 
courser grains with the abundance of pyrite and a small fraction of clay 
mineral while wells 32/2–1 and 32/4-1 have fine-grained (clay frac-
tions) with local clustering of pyrite and a small fraction of quartz in 
Draupne Formation (Figs. 7–9). In Heather Formation, micro-quartz 
(32/2–1) and abundance of siderite (32/4–1) are found where the 
ratio of soft and stiff mineral assemblages are 50:50. 

5.2. Effect of compaction 

The Draupne Formation data point cluster does not separate me-
chanical and chemical compacted wells; instead, the data overlapped 
different regions (Figs. 12 and 13). Similar data distribution trends are 

also found in Heather Formation, but the properties have higher values 
and different trends compared to Draupne Formation. The wells located 
in high-energy deposition area (i.e., in the NW close to troll fault, i.e., 
31/2–8, 35/11–4 & 35/11–6) have higher values of acoustic and geo-
mechanical properties compared to the SE platform and SW deep basin 
areas (e.g., wells 31/4–2, 31/4-4, 31/5–2, 32/2–1 & 35/10–1). Grain 
size and sorting also have a significant impact on caprock properties. 
Larger grain size with mixed type of rock framework (a mix between 
matrix and grains) were observed in NW well (35/11–4) compared to 
the SE wells (32/2–1 & 32/4–1) where grains are finer making a matrix- 
supported caprock. The grain sizes and their distributions are other 
possibilities for stiffer zones in NW wells because poorly sorted coarse- 
grained sediments compacted more than the fine-grained shales (Stor-
voll et al., 2005; Mondol et al., 2007; Marcussen et al., 2009; Thyberg 
et al., 2009). Moreover, homogeneous fine-grained rocks can preserve 
higher stress; hence behave more ductile than heterogeneous 
coarse-grained rocks. Also, larger grain size makes rocks easier to frac-
ture thus is stiffer (Zhang et al., 2016) because of more inter-granular 
cracks within small grains, which allow mobilizing more strength, also 
the larger grains containing larger and longer inter-granular cracks 
lower stress is required to initiate and propagate cracks (Eberhardt et al., 
1999). 

The sections of Draupne and Heather formations exposed to chemical 
compaction (i.e., 35/10–1, 35/11–2 & 35/11–6) also show a significant 
variation of caprock properties where the stiff data points (high Vp, high 
density, and high E) fall within the same range with sections that only 

Fig. 19. Young’s modulus versus Poisson’s ratio cross-plots of Draupne (a) and Heather (b) formations color-coded by EBI1 and same formations in (c) and (d) color- 
coded by EBI2 with the reference curve adapted from Grieser and Bray (2007). 
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experienced mechanical compaction (i.e., wells 31/2–8, 21/3-3 & 35/ 
11–4). The location of the well 35/10–1 is in the deep basin area, which 
explains the high Vsh percentage. Moreover, the wells 35/11–2 and 35/ 
11-6 located in its close proximity also manifest a similar range of Vsh 
values. There might be an effective-stress difference in reservoir-caprock 
pair between dry hole (35/11–6) and discovery (35/10–1 and 35/11–2) 
wells as both reservoirs contain different fluids at different reservoir 
pressure. These might be leading to a different compaction process with 
variation in caprock properties. The effect of depth (equivalent tem-
perature) on caprock properties might have acted in both ways 
(decreasing or increasing stiffness) because of the combined impact of 
pressure, temperature, diagenesis, and TOC as functions of depth. TOC 
itself has a complex effect on caprock properties. The maturation of TOC 
increases porosity hence increase rigidity (Rybacki et al., 2016) while 
during conversion, the heavy residual TOC portion increases the bulk 
density hence the rock stiffness. However, the effect of TOC on caprock 
geomechanical properties more depends on fabric (i.e., sparsely or 
layered distribution) than the TOC volume fraction (Slatt and Abous-
leiman, 2011). Moreover, in fine-grained, thick shale formations, there 
might be possibilities of developing overpressure by un-expelled fluid 
resulting in the reduction of the effective stress, hence decreasing the 
caprock stiffness. The low values of acoustic and geomechanical prop-
erties of chemically compacted wells (NW) within the study area might 
be the effect of those parameters (Fig. 4). The immature TOC in the SW 
part of the study area representing low values of elastic properties is 

possibly a function of weak mineral contents (i.e., clay and TOC), rather 
than a TOC alteration effect. This indicates the immature TOC behaves 
like a soft mineral assemblage. 

5.3. Brittleness indices 

In MBI1, which is only considered quartz as stiff mineral, under-
estimated the formation of brittleness and has a poor correlation with 
caprock properties (Fig. 22a&e). However, considering the total stiff 
minerals, we found a better correlation compare with only quartz 
(Fig. 22c&e). Moreover, the mineralogy based brittleness indices are 
sometimes overestimating because the equations do not consider any 
diagenetic effects such as compaction related grain fabric or chemical 
precipitation (i.e., pyrite or quartz cement, etc.). The process does not 
consider the origin of the mineral assemblages (i.e., detrital or diage-
netic), which has a significant impact on rock mechanical behavior too. 
For example, in well 35/11–4, the mineralogical BI’s are significantly 
higher than the elastic property-based BI’s because MBI’s only consid-
ered bulk mineralogy fractions but did not consider the effective rock 
framework impact. On the other hand, the estimated elastic properties 
have embedded consideration of depositional and diagenetic effects, 
which is reflected in the EBI’s assessed values (Table 5). Moreover, EBI’s 
increasing trend is significantly different than the published trends 
(Figs. 19 and 20). The zones defined in the background curves are 
estimated from the data points of Barnett shale from the Fort Worth 

Fig. 20. Cross-plots of data points from six wells show the Young’s modulus versus Poisson’s ratio of Draupne (a) and Heather (b) formations and the μρ versus λρ of 
Draupne (c) and Heather (d) formations with the reference curves adapted from Perez and Marfurt. (2014). All the cross plots color-coded with EBI2 brittleness 
indices value. 
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Basin, North Texas. There are significant differences in depositional and 
diagenetic processes between the studied caprocks (Draupne and 
Heather formations) and the Barnett Shale. Therefore, the range of 
Young’s modulus and Poison’s ratio used by Grieser and Bray (2007) to 
define ductile and brittle regions are working well in their studied basin 
but are not representative of our study area. Similarly, the mineralogy 
based brittleness increment trend proposed by Perez and Marfurt (2014) 
is specific for the Barnett shale and not demonstrated the trend observed 
in the studied caprocks. This indicates a basin specific brittleness anal-
ysis is needed to characterize the geomechanical behavior of the 
caprocks. 

Caprocks with high values of elastic properties (i.e., AI, E, μρ, and λρ) 
tend to be stiffer though PR do not show a significant variation with 
change in brittleness values. However, the very soft ductile caprock 
cluster exhibits significantly high PR and low E values. The elastic 
properties based stiffness might be a tool to evaluate qualitative mea-
sures of the ability of the caprock to deform, but the whole procedure is 
much more complicated. For example, the well 35/11–4, which has stiff 
(Figs. 12 and 13) caprock (i.e., high values of elastic properties) with low 
clay fraction and a high percentage of stiff minerals (Table 3), acted as 
an effective caprock overlying a discovery. Although certain minerals (i. 
e., stiff mineral fraction) and processes (i.e., depositional and diage-
netic) may enhance acoustic and geomechanical properties of the 
caprock (Fig. 22), the deformation of the rock is controlled by many 
other factors including clay type, microstructure, and distribution of 
minerals within the matrix, etc. 

The complex nature of geomechanical properties of caprocks defines 
the sealing efficiency of any reservoir-caprock pairs. Considering all the 
analyses performed in this study, the Draupne Formation is in the realm 
of ductile caprock (BI’s < ~0.5), which indicates significant sealing 
potential in the studied area. However, the thickness variation may raise 
questions regarding caprock failure, which is already answered by Troll 
West Field, where the studied caprocks are thin or not present, but 
overburden rocks acted as a potential cap. In contrast, the Heather 
Formation tends to be less ductile (higher BI’s than Draupne) but can be 
an effective seal combined with the Draupne Formation (Fig. 18). 

5.4. Implication 

The relation between mineralogical composition and elastic prop-
erties within the organic-rich caprock shales allows us to estimate geo-
mechanical properties from seismic data (Fig. 21). However, the 
complex nature of the geomechanical properties of caprock makes it 
challenging to approximate it. For example, the caprock properties (i.e., 
acoustic and geomechanical) of MC well 35/11–4 and CC well 35/11-6 
plot in high Vp-density zone where the former well possesses effective 
caprock that contains gas in the underlying reservoir. In contrast, the 
latter well failed to find commercial hydrocarbon (only oil shows) 
considering minimal stress changes due to exhumation (i.e., ~150 m). 
The data from the other two wells containing the effective caprock, i.e., 
31/5–2 (MC) and 35/10–1 (CC), show soft (low to intermediate Vp & 
density) ductile (Fig. 23). This type of distribution of acoustic properties 

Fig. 21. a) Time structure map of Draupne Formation based on the 3D seismic data outlined in Fig. 1, with the location of random line A-A′ and exploration wells 32/ 
2–1 and 32/4–1. B) Geometrical mean values between Draupne and Sognefjord formations of inverted AI cube showing the lateral impedance variation with the same 
random line. C) The inverted AI cross-section along the line A-A’. The top Draupne, Sognefjord, and Fensfjord Formation horizons are shown for reference. 
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makes it very challenging to identify the effective seal rocks from 
seismic data. Therefore, an integrated approach (i.e., petrographic, 
petrophysical, seismic inversion, and laboratory analysis) is needed to 
get a detailed characterization of caprocks with their sealing effective-
ness; otherwise, it might be misleading sometimes. Moreover, the 
caprock properties are not possible to describe by a single parameter 
such as stiffness or brittleness; instead, it is controlled by a combination 
of factors including in situ stress condition, pore-throat size, matrix 
permeability, capillary pressure, the existence of natural fractures, 
manner of well completion, as well as rock properties such as elastic 
moduli and mineralogy (Yang et al., 2013). 

6. Conclusions 

Depositional and diagenetic processes and their effect on caprock 
elastic and geomechanical properties were assessed. The critical obser-
vation of this study are as follows:  

• The high energy NE-SW trend following the Troll fault zone separates 
the study area into two paleo-depositional regions where the NW 
part has high energy silts deposited compared to fine-grained clay- 
bearing zones in the SE part. However, in the NW and SW corners of 
the study area (far from the coastal plain), soft clay content and a 
higher percentage of organic matter are found. 

Fig. 22. Cross-plots of Draupne and Heather formations data points from the studied wells show the correlation of a) AI versus quartz, b) clay, c) stiff minerals, d) 
ductile minerals, e) E versus quartz, f) clay, g) stiff minerals and h) ductile minerals. Stiff mineral assemblages are composed of quartz, feldspar, pyrite, and car-
bonate, while ductile minerals consist of total clay and total organic content (TOC). 
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• Draupne and Heather formations in the study area showed a wide 
range of elastic and geomechanical properties. The data clustering 
irrespective of diagenetic variation makes it difficult to assess the 
properties from surface seismic. 

• A stiff relationship is found between the rock mineralogical compo-
sition and caprock properties (i.e., elastic and geomechanical 
parameters).  

• The mechanical properties of the studied caprocks appear to be 
ductile. However, Heather Formation is comparatively less ductile 
compared to Draupne Formation. The brittleness increment trend 
showed a significant difference with the previously published 
reference curves and increased with increasing AI, E, μρ, and λρ.  

• There is considerable uncertainty involved in the estimation of TOC. 
However, the sparsely distributed (mostly immature) TOC within the 
study area has an insignificant impact on the geomechanical prop-
erties. The geomechanical properties of caprocks are complex, and 
further work is needed to quantify the TOC effect. 
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A B S T R A C T

Reliable assessment of fault stability is key for safe CO2 storage in a saline aquifer in fault-bounded structures. 
The Alpha structure located in the Vette fault’s footwall in the Smeaheia area, offshore Norway, is one of the 
potential CO2 storage sites with a fault-bounded three-way closure. Assessing fault stability in the Smeaheia area 
is challenging because of the uncertainties associated with the subsurface fault properties (i.e., fault rock li-
thologies, strength and geometry of faults, etc.). Besides, CO2 injection-related pore pressure changes is another 
critical factor for mechanical deformation and potential failure. We employed a stochastic analytical approach to 
assess the probability of Vette fault failure using the Monte Carlo Simulation (MCS) and First Order Reliability 
Method (FORM). The possible fault smear scenarios of the Vette fault zone are evaluated by interpreting the 
seismic section and the detailed geological understanding. Each scenario’s likelihood and the corresponding 
probability of failure are then integrated stochastically using an event tree method. Overall, Vette fault’s system 
reliability shows a good to average performance range, which has a system probability of failure between 10− 3 to 
10-4. This finding suggests that the Vette fault will likely act as a potential barrier during CO2 injection into the
Alpha structure. Moreover, the sensitivity study reveals that the stresses (both horizontal and vertical) and fault
rock strength (i.e., cohesion and friction angle) are the most crucial parameters to characterize uncertainty
reduction.

1. Introduction

Capture and geological storage of CO2 into a saline aquifer is a
proven technology to mitigate anthropogenic greenhouse gas emissions 
into the atmosphere (IPCC, 2005). The CCS technique has already been 
demonstrated as a safe and reliable solution by several pilot projects 
worldwide (i.e., Snøhvit, Norway, Chiaramonte et al., 2011; In Salah, 
Algeria, Mathieson et al., 2010; Sleipner, Norway, Baklid et al., 1996; 
Ketzin, Germany, Martens et al., 2012; Otway, Australia, Hortle et al., 
2013; Quest, Canada, Rock et al., 2017). In partnership with the oil and 
gas industries, the Norwegian government has evaluated some sites in 
the Norwegian Continental Shelf (NCS) and developed a strategy for 
large-scale (Gt storage potential) geological CO2 sequestration. Smea-
heia area is one of the potential sites containing the fault-bounded 
structural closures Alpha (32/4-1) and Beta (32/2-1), investigated by 
Equinor and Gassonova (NPD CO2 Atlas, 2014) (Fig. 1). The area is 
located east of the Troll East Field, bounded by two major faults; Vette 
fault (VF) in the west and Øygarden fault complex (ØFC) in the east. The 

Alpha structure is located in the VF’s footwall, whereas the Beta struc-
ture is located in the hanging wall of the ØFC (Mulrooney et al., 2018). 
Fault stability of the Alpha structure could be the critical factor that 
needs to be evaluated before any CO2 injection-related activity in the 
area. However, because of the uncertainties in the subsurface associated 
with fault properties (i.e., fault rock lithologies, strength, and geometry 
of fault), it poses a significant challenge to assess the Vette fault’s 
stability. 

In addition to the inherent subsurface uncertainties, operational 
uncertainties associated with pore pressure change during CO2 injection 
into a saline aquifer can be another critical factor, which changes the 
effective stress (i.e., principal stress minus pore pressure) and influences 
mechanical rock deformation and failure (Verdon et al., 2013). The 
elastic behavior of pore fluid under the drainage condition is one of the 
critical factors affecting the mechanical behavior and the stress path of 
oil field reservoirs, known as a poroelastic effect (Addis, 1997; Grasso, 
1992; Hillis, 2001; Segall, 1989). In the case of a supercritical CO2 
(sCO2) injection, additional processes such as hydraulic aperture 
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evolution, hydrological property changes, effective stress induction, and 
mechanical strength degradation can influence the effective stresses in 
fault planes, which can be leading to reactivation and failure of faults 
(Park et al., 2020; Rutqvist et al., 2007). Although many North Sea faults 
are proven to have effective sealing properties by supporting consider-
able hydrocarbon columns (Yielding, 2002), there is still high uncer-
tainty associated with dynamic pressure buildup related to CO2 injection 
and wettability of a CO2-brine-fault rock system (Karolytė et al., 2020; 
Miocic et al., 2019), also resulting in the potential failure of faults and 
caprock (Skurtveit et al., 2018). Therefore, a careful investigation of the 
relation between the fault rock properties, in-situ stresses, and pore 
pressure perturbation is required to prevent any risk related to CO2 in-
jection (Chiaramonte et al., 2015). 

The potential fault failure can be assessed using either analytical or 
numerical methods where both approaches have their advantages and 
disadvantages. This study only considered the analytical techniques, 
which estimate the fault stability from the theoretical calculations of 
fault plane stress states and its distance to its nearest shear strength, 
which generally relies on the Coulomb failure criterion for shear 
strength calculation (Bohloli et al., 2015; Park et al., 2020). The critical 
fault slip pressure and fault stability threshold can be determined from 
the fault’s internal properties such as fault orientation, fault material 
strength, etc. (Vidal-Gilbert et al., 2010; Wiprut and Zoback, 2000) as 
well as its in-situ stresses. Though analytical methods rely on many 

assumptions and simplifications for a complicated hydro-mechanical 
process, these have been proven as useful tools in the preliminary 
assessment. 

The fault zone’s structural complexity and the poor seismic resolu-
tion along fault make it complicated to predict the fault rock strength (i. 
e., clay/shale smear, sandstone fragments, mixed lithology, etc.). The 
fault zone architecture, the distribution of fault rock within the fault 
zones, and its capacity to seal are still not well-understood, though many 
research and publications are available (e.g., Faulkner et al., 2010; 
Færseth, 2006; Færseth et al., 2007, 1984; Gibson, 1994; Jev et al., 1993; 
Kim et al., 2003; Yielding et al., 1997; Zieglar, 1992). The wettability 
properties of fault rock and fault rock composition are highly uncertain 
and significantly different compared with the hydrocarbon system 
(Miocic et al., 2019). Moreover, most fault zones are beyond seismic 
resolution and containing several major slip surfaces (Childs et al., 1997; 
Doughty, 2003; Færseth et al., 2007; Foxford et al., 1998; Gibson, 1994; 
Walsh et al., 1998). These problems result in inaccuracies in the pre-
diction and quantification of fault rock failure. The shale smearing 
within the fault zone depends on the relation between fault throw and 
the amount of clay and shale in the host rock (Bouvier et al., 1989; Fisher 
and Knipe, 2001; Lindsay et al., 1993; Skerlec, 1996; Yielding et al., 
1997). The shalier the host rock is the higher proportion of clay lining 
that forms in the fault zone, causing a higher capillary entry pressure. 
The higher the fault throw, the less possibility of having continuous 

Fig. 1. a) Location (black rectangle) of the study area b) the depth structure map of the top reservoir unit (Sognefjord Formation) is interpreted using the well tops 
showing the major faults and Troll East Gas Field in the study area, and c) A WSW-ENE seismic profile (AA’) crossing three wells shows the faults and crit-
ical horizons. 
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shale smearing throughout the fault zone. However, estimating fault 
throw using a single fault surface is not representative of the actual 
scenario because fault zones often contain several major slip surfaces 
(Childs et al., 1997; Doughty, 2003; Færseth et al., 2007; Foxford et al., 
1998; Gibson, 1994; Walsh et al., 1998). Moreover, stress path changes 
and fault rock strength are not known precisely. Therefore, the deter-
ministic approach assumes that, all the input parameters are well-known 
with high certainty and that the input consists of only one scenario, 
which is somewhat questionable when the varying degree of uncertainty 
exists (Duncan, 2000); instead, obtaining a probability of failure is a 
more suitable methodology (Christian, 2004; Nadim, 2007). 

This study evaluated the stability of Vette fault probabilistically 
using the Monte-Carlo simulation (MCS) and the First Order Reliability 
Method (FORM). The fault stability is evaluated using the analytically 
estimated stress conditions acting on the fault plane and the Mohr- 
Coulomb failure criteria. The uncertainty of the fault-rock strength 
properties is handled by interpreting four different fault smearing sce-
narios and their likelihood based on the study area’s geological under-
standing. The overall VF system reliability is estimated based on the 
qualitative approximation of all four scenarios using an event tree. The 
likelihood of each fault rock strength scenario and the corresponding 
probability of failure is embedded in the system failure number, which 
could be a reasonable estimation for the future project decision. The 
pore pressure/stress coupling, also known as the reservoir stress path, is 
also incorporated to evaluate the complex poroelastic interaction due to 
the fluid injection in the horizontal stress field. Finally, the relative 
importance of different parameters (i.e., vertical and horizontal stresses 
assumptions, pore pressure, stress path, fault rock strength, etc.) on fault 
stability is evaluated. In the discussion section, we highlighted the po-
tential for a failure probability estimation for subsurface structures. It is 
a new approach and needs a concrete workflow to implement success-
fully in the fault stability analysis. 

2. Geology of the study area 

The Smeaheia area is situated on the northeastern edge of the 
northern North Sea (i.e., Horda Platform) and bounded by two regional 
N-S trending normal faults (Fig. 1). The Horda Platform (HP) area 

experienced two main rifting events during Permo-Triassic and the Late 
Jurassic to Mid-Cretaceous times (Whipp et al., 2014), where during the 
1st rifting event, a wide basin with deep-rooted faults and thick 
syn-depositional wedges was formed in the center of HP (Stewart et al., 
1995). The 2nd rifting event shifted westward but reactivated all the 
major faults and created a collection of NW-SE trending smaller faults 
with minor displacement within the proposed reservoir (Sognefjord 
Formation) and top seal (Heather + Draupne Formations) units 
throughout the HP (Duffy et al., 2015; Skurtveit et al., 2018; Stewart 
et al., 1995; Whipp et al., 2014). These events created several N-S 
trending faults (i.e., Vette, Tusse, Øygarden, etc.), which are believed to 
be rooted in the Caledonian zones of crustal weakness (Whipp et al., 
2014) and tipped out in the overburden stratigraphy into the Rogaland 
Group (Fig. 1c). The studied Vette fault is one of them which needs to be 
sealing for safe CO2 storage in the Alpha structure (Fig. 1b). 

The main reservoir rocks in the Alpha structure consist of a succes-
sion of three Upper Jurassic sandstone formations (i.e., Sognefjord, 
Fensfjord & Krossfjord) with good to moderate reservoir quality (Dreyer 
et al., 2005; Holgate et al., 2015), while organic-rich Heather and 
Draupne formations act as the primary seal. The reservoir sandstones 
were deposited in a coastal shallow marine environment and inter-finger 
with the Heather Formation (Fig. 2a). The Heather Formation shale 
consists of mainly grey silty claystone with thin streaks of limestone 
deposited in an open marine environment (NPD, 2020). The organic-rich 
Draupne Formation shale has an approximate thickness of 106 m in well 
32/4-1, which varies laterally and consists of dark grey-brown to black, 
usually non-calcareous, carbonaceous, occasionally fissile claystone. 
The Draupne Formation was deposited in an open marine environment 
with restricted bottom circulation and often anaerobic conditions (NPD, 
2020). 

The overburden rocks above the Draupne Formation are vital to 
detect any permeable layer juxtaposition with the reservoirs across the 
faults. The whole overburden unit is 475–800 m thick, comprising 
westward-dipping alternating fine- and coarse-grained siliciclastic 
packages with occasional carbonate-rich deposits (Faleide et al., 2015). 
The overburden Rødby Formation is crucial as it juxtaposes the top part 
of the reservoirs. The Rødby Formation consists of red-brown marlstone 
and deposited in an open marine, oxygenated environment with a 

Fig. 2. a) A generalized Jurassic and Cretaceous stratigraphic succession in the study area (modified from NPD CO2 Atlas, 2014). b) A correlation of footwall (32/4- 
1) and hanging wall (31/6-6) wells of the Vette Fault flatten on top of Balder Formation. Note the variations in the petrophysical logs (i.e., GR = Gamma-ray; 
RHOB = Density; DT = Compressional sonic) in both vertical and across the fault direction. 
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limited supply of clastics (NPD, 2020). In the study area, the Rødby 
Formation is more calcareous and has a lower gamma-ray response and 
higher velocity than the overlying units. Wide variations of gamma-ray, 
density, and P-sonic indicate lithology, acoustic property, and geo-
mechanical changes within the reservoir, cap, and overburden rocks 
(Fig. 2b). 

3. Materials and methods 

System reliability of the Vette fault took into account the likelihood 
of different fault smearing scenarios. The fault stability of each smearing 
scenario was assessed by an analytically calculated stress acting on the 
fault plane and the Mohr-Coulomb failure criterion. The workflow used 
in this study is illustrated in Fig. 3. The input parameters were scouted 
from the published database (i.e., Gutierrez et al., 2000; Horsrud et al., 
1998; Skurtveit et al., 2018, 2015; Zoback, 2010) as well as estimated 
from the wireline logs from the nearby wells 31/6-6 and 32/4-1. The 
Mohr-Coulomb failure model that can calculate the Factor of Safety 
(FoS) was used to define a limit state function of stability. Failure 
probability was analyzed by the First Order Reliability Method (Hasofer 
and Lind, 1974) and Monte-Carlo simulation techniques. Finally, the 
Probability of Failure (Pf) of the Vette fault was estimated for both initial 
condition and after CO2 injection scenario for different fault rock 
strength conditions. The fault system reliability was assessed by 
combining the likelihood of fault smearing scenarios and the failure 
probability of each smearing scenario. Moreover, each parameter’s 
sensitivity analysis was investigated by changing one variable at a time 
while keeping all other input parameters at their initial value (average). 
In this study, the low and high outcome of the FoS for each uncertain 
parameter was evaluated. 

Most geological processes follow a normal or log-normal law 
(Christian, 2004). Some geotechnical engineering studies show that 
changing the probability distribution of the soil parameters from normal 
to log-normal had a modest effect on the computed probability of failure 
(Lacasse and Nadim, 1998). Thus, most of the input parameters used for 
this study were assumed to follow the normal distribution. For the 
properties that cannot be physically negative within three standard 
deviations of the average, the distribution is assumed as the log-normal 
distribution. The standard deviations of the inputs are estimated from 
the published values. 

3.1. Model parameters 

3.1.1. Fault smearing scenarios 
Fault rock strength is a complicated parameter to describe and highly 

uncertain; hence it needs a scenario-based approach to deal with the 
uncertainty. In this study, we evaluated all possible fault zone rock 
smearing scenarios within the Vette fault employing the interpretation 
of 3D seismic data of GN1101 (Fig. 4). The major and minor faults with 
horizons were interpreted from seismic to evaluate the possible fault- 
rock setup. The reservoir intervals (i.e., Sognefjord, Fensfjord, and 
Krossfjord formations) in the footwall side juxtapose with the Cromer 
Knoll Group (i.e., Rødby and Åsgard formations) in the hanging wall side 
in the Alpha prospect (Fig. 4a). Three possible shale smearing scenarios 
were interpreted in the studied Vette fault region (Fig. 4b–d). The most 
likely scenario was the Rødby Formation smearing case. The upper part 
of the reservoir unit (i.e., Sognefjord Formation) has the best quality 

reservoir properties (i.e., high porosity and permeability); hence, CO2 
plume is likely to migrate and accumulate within this zone. The Sog-
nefjord Formation is juxtaposed with the Rødby Formation with a 
minimal fault throw (Færseth et al., 2006), making this formation the 
best possible smearing candidate (Fig. 4b). Åsgard Formation that 
pinches out near the fault’s footwall side is least likely to be smearing 
(Fig. 4c); hence we excluded that from the smearing scenario cases. The 
shale smearing of the primary caprocks (i.e., Draupne and Heather 
formations) is also very uncertain as the fault throw is significantly large 
(~1500 m)(Fig. 4d). According to Færseth et al. (2006), the chances of 
smearing are reduced with increasing fault throw. In this study, the 
qualitative clay smearing scenarios are evaluated; however, the quan-
titative SGR values are not estimated. One can not rule out the presence 
of reservoir rock (i.e., Sognefjord Formation) fragments within the fault 
zone, which can be considered another fault rock strength scenario 
(Skurtveit et al., 2018). 

Considering the seismic interpreted clay smearing (Fig. 4) and 
reservoir fragment scenarios with a typical static friction fault without 
cohesion (Zoback, 2010), we recognized four possible scenarios to 
analyze for the probability of failure estimation (Table 1). The qualita-
tive probability of each condition was also assigned based on the 
geological interpretation. Moreover, the probabilistic likelihood values 
for each scenario were estimated based on the geological understanding 
of each case, which was later used to quantify the Vette Fault system 
reliability. Seismic interpretation-related uncertainties (i.e., human 
error, seismic quality, sub-seismic fault plane, etc.) are always present 
(Bond et al., 2015), but these are out of the scope of this research. 
However, the proposed event tree method considered all the un-
certainties to estimate the system failure value. 

3.1.2. In-situ stress condition 
The present-day stress conditions (i.e., vertical and horizontal 

stresses) on top of the reservoir (i.e., top Sognefjord Formation) were 
both scouted (i.e., Skurtveit et al., 2018; Statoil Underground report, 
2016) and estimated using wireline logs. The vertical stress (σv) was 
calculated using the average density obtained from the density log 
(Fig. 5) in well 32/4-1. Later the published and estimated vertical 
stresses were averaged and used for the analysis (Table 2). The initial 
horizontal stress and pore pressure were both calculated from the XLOT 
data (Fig. 6) and directly used from the reference data analyzed by 
Skurtveit et al. (2018). The σv was estimated using the following 
equation: 

σv = ρf hwg + ρbhog (1)  

where, ρf is saline water density (~1025 kg/m3), hw is the water depth 
(~312 m), ρb is the bulk density (average) of the overburden formations 
(~2233 kg/m3), ho is the thickness of the overburden (~902 m), and g is 
the gravitational acceleration. The average bulk density used in this 
study was obtained by integrating the whole overburden. The estimated 
point data, using the average density, was later used with scouted ver-
tical stresses to evaluate the range (Table 2). 

According to Skurtveit et al. (2018), a normal faulting regime (i.e., 
vertical stress is greater than horizontal stresses) with isotropic hori-
zontal stress conditions (i.e., maximum horizontal stress = minimum 
horizontal stress) is a reasonable stress model for the study area. The 
extended leak-off test (XLOT) data from the nearby Troll area also 

Fig. 3. The workflow to estimate the failure probability of the Vette Fault, used in this study.  
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revealed that the Alpha structure is within the normal faulting regime 
because the vertical stress gradient is significantly higher than the 
horizontal stress profile (Fig. 6). The hydrostatic pore pressure gradient 
was calculated using the depth profile from the well 32/4-1. 

The post-injection scenarios assume a pore pressure change of 
0.82 MPa by CO2 injection, which was used from the Statoil dynamic 

simulation model analyzed for the Smeaheia feasibility study (Gassnova, 
2016). The model used an injection rate of 1.3 MT per year over a period 
of 25 years within an excellent quality (permeability 1.3D, porosity 35 
%, and thickness 60 m) reservoir (i.e., Sognefjord Formation). The 
compaction-induced changes in the total vertical stress were minimal for 
laterally extensive reservoirs, assuming equal elastic properties for the 
reservoir and the overburden (Geertsma, 1973). Moreover, the stiffness 
contrast of factor 10 in a numerical model shows a very negligible effect 
on the vertical total stress change in a laterally extensive reservoir 
(Hettema et al., 2000). The main reservoir rock (Sognefjord Formation) 
in the study area is also laterally extensive, which indicated an insig-
nificant vertical stress change due to pore pressure variation; hence we 
do not consider any vertical stress changes in our model. The change of 
the effective vertical stress was thus assumed to be the same as pore 
pressure. However, the horizontal stress path, which is sensitive to the 
pore pressure changes, was calculated from the log-based Poisson’s ratio 
using the equation proposed by Hettema et al. (2000): 

γh =
Δσh

ΔP
= α

(
1 − 2ν
1 − ν

)

(2)  

where σh is the total horizontal stress; ΔP is the pore pressure change; α is 
Biot’s coefficient, and ν is the Poisson’s ratio. 

Moreover, fault can influence the horizontal stress changes during 
injection if major faults bound the reservoirs, or the injection points are 
near the fault (Addis et al., 1998, 1994). Therefore, the total horizontal 
stress in a normal faulting region was also estimated, which can be 
written as: 

γfault = α
(

2 sinψ
1 − sinψ

)

(3)  

where ν≥(1 − sinψ)/2, with ψ being the fault friction angle. If 
ν<(1 − sinψ)/2, the minimum horizontal stress re-orientates parallel to 
the strike of the fault, and the stress path becomes: 

γfault = α
(

sinψ + 1 − 2ν
1 + sinψ

)

(4)  

3.1.3. Fault rock geometry and strength 
The fault rock geometry significantly changes with changing hori-

zontal and vertical directions. Therefore, in this study, we estimated the 

Fig. 4. a) Schematic representation shows the seismic interpretation of horizons and faults. The zone of interest (red rectangle) is further analyzed for possible shale 
smearing along the Vette fault zone for, b) Rødby Formation, c) Åsgard Formation, and d) Draupne and Heather formations. 

Table 1 
Possible fault smearing scenarios and likelihoods based on the geological 
explanation. Note that the likelihood terms are taken from Nadim (2007).   

Fault Smearing 
Scenario 

Likehood Probability 
Rangea 

Assign 
Probabilityb 

Case 
1 

Static frictional 
fault 

Very 
Unlikely 

0 – 0.1 0.01 

Case 
2 

Sognefjord rock 
fragment 

Unlikely 0.1 – 0.25 0.12 

Case 
3 

Draupne smearing Unlikely 0.1 – 0.25 0.07 

Case 
4 

Rødby smearing Likely 0.5 – 0.9 0.80  

a Based on Nadim (2007) and Brændeland et al. (2010). 
b Based on Geological understanding of Vette fault. 

Fig. 5. Distribution of bulk density log of overburden formations of well 32/4- 
1. The mean density value for the overburden is 2233 kg/m3. 
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fault dip within the zone of interest (from the top of Rødby Formation to 
the base Viking Group), because the CO2 injection-related impact will be 
encountered in this zone. The average dip of the fault in the zone of 
interest is calculated by the fault interpretation module in the Petrel- 
2018 software using the available 3D seismic data (i.e., GN1101), 
where the mean value is estimated at 45.25◦ from the 3D interpretation 
of the Vette fault. 

Rock strength parameters (i.e., cohesion and friction angle) for case 2 
(Sognefjord equivalent) and case 3 (Draupne equivalent) were available 
from laboratory test results (Gutierrez et al., 2000; Horsrud et al., 1998; 
Skurtveit et al., 2018, 2015). However, there was no 
laboratory-measured data for Rødby Formation (Case 4). Therefore, the 
empirical equations based on porosity (for Sandstone) and P-wave ve-
locity (for shale) were used to estimate the uniaxial compressive 
strength (C0) for all different scenarios. In cases 2 and 3, both laboratory 
test data and empirically estimated data are averaged and used as input 

parameters, whereas for case 4, the only option is the estimated data. 
The empirical equation used for case 2 is taken from Plumb (1994), 

which stated that: 

C0 = 357(1 − 2.8Φ)
2
(Φ < 0.357) (5)  

where C0 is in MPa and Φ as a fraction 
And Horsrud (2001) equation was used for cases 3 and 4: 

C0 = 0.77V2.93
p (Φ = 30 − 55%) (6)  

where C0 is in MPa and Vp is in km/s 
Moreover, the same average friction angle is used for both cases 3 

and 4 as there are no measurements for Rødby Formation. 
The Mohr-Columb plot of the initial stress state condition on top of 

the reservoir near the Vette fault is shown in Fig. 7. The Columb failure 
surfaces for all the fault rock strength scenarios are also representing the 
relative distance from the Mohr circle. Moreover, the fault plane dipping 
points (red points) on the Mohr-Columb diagram show that the fault 
dipping close to 60◦ is the closest to the classical fault failure surface 
compared with 45◦. In this study, the mean Vette fault dip interpreted in 
the zone of interest is 45.25◦. However, overall, the fault plane dip 
ranges from 35 to 52◦. 

Table 2 
The database used in this study with the type of distribution and data sources.  

Parameters Average Unit Standard 
Deviation 

Random 
Distribution 

Sources 

Initial vertical stress (σv) 22.25 MPa 0.65 Normal Skurtveit et al., 2018; Wireline log (RHOB; Eq. (1)) 
Initial horizontal stress (σh) 16.85 MPa 0.95 Normal Skurtveit et al., 2018; XLOT 
Initial pore pressure (Pp) 10.48 MPa 1.32 Normal Skurtveit et al., 2018; XLOT 
Horizontal stress path (γh) 0.51 – 0.07 Normal Wireline log (PR; Eq. (2)) 
Horizontal stress path (γfault) 0.54 – 0.03 Normal Wireline log (PR; Eq. (4)) 
Vette fault Dip (θ) 45.25 Degree 4.00 Normal Fault surface interpreted from 3D seismic in zone of interest 
Friction angle, cohesionless 

(ϕ1) 
31.00 Degree 0.00 – Standard cohesionless fault angle (Zoback, 2010) 

Cohesion, Sognefjord (S0
2) 5.01 MPa 1.62 Log-Normal Skurtveit et al., 2018; Wireline log (PHIT; Eq. (5)) 

Friction angle, Sognefjord 
(ϕ2) 

19.50 Degree 4.50 Normal Skurtveit et al., 2018 

Cohesion, Draupne (S0
3) 3.93 MPa 1.05 Log-Normal Skurtveit et al., 2015; Horsrud et al., 1998; Gutierrez et al., 2000; Wireline log 

(DT; Eq. (6)) 
Friction angle, Draupne (ϕ3) 21.63 Degree 5.14 Normal Skurtveit et al., 2015; Gutierrez et al., 2000 
Cohesion, Rødby (S0

4) 6.81 MPa 0.60 Log-Normal Wireline log (DT; Eq. (6)) 
Friction angle, Rødby (ϕ4) 21.63 Degree 5.14 Normal Equivalent to Draupne 

MPa – Mega Pascal; The numbers shown as superscript in the friction angle and cohesion are indicated case numbers mentioned in Table 1. 

Fig. 6. In-situ stress profile for the Alpha structure assuming normal faulting 
regime with isotropic horizontal stress condition. Note that the vertical and 
horizontal stress profiles were calculated using extended leak-off test (XLOT) 
data from the nearby Troll area. The hydrostatic profile was estimated using 
water density ~1025 kg/m3. 

Fig. 7. The Mohr-Columb plot is representing the shear stress and effective 
normal stresses of the initial reservoir stress state condition. The failure surfaces 
for all the fault rock strength scenarios (Table 1) are shown for comparison. 
Note that red points on top of the Mohr circle represent the fault plane location 
based on the fault dip. 
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3.2. Model definition 

3.2.1. Reliability analysis concept 
The reliability analyses provide a rational framework for dealing 

with the structural uncertainties that assist in making the decision. 
However, the probability of failure does not necessarily correspond to 
high safety (deterministic estimation); instead, it depends on the un-
certainties in load and resistance (Nadim, 2007). For a structural 
component with uncertain resistance R and load S and their random 
variables, probability density functions fR(r) and fS(s) respectively, the 
probability of failure may be determined by: 

Pf = P(R ≤ S) = P(R − S ≤ 0) =
∫ ∞

− ∞
fR(X)fS(X)dx (7)  

where X is the random variable, assuming the load and the resistance 
variables are statistically independent. 

However, the probability of failure is not determined by the over-
lapping of the two curves but by the realization of the random variables 
R and S. If both the resistance and load variables are normally distrib-
uted, the failure probability may be assessed directly by considering the 
random variable M often referred to as the safety margin: 

M = R − S (8)  

where the probability of failure may be assessed through 

Pf = P(R − S ≤ 0) = P(M ≤ 0) (9)  

where M is also normally distributed with parameters with the mean 

μM = μR − μS and standard deviation σM =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

σ2
R + σ2

S

√

. 
The failure probability may be determined by the use of the standard 

normal distribution function as: 

Pf = Φ
(

0 − μM

σM

)

= Φ (− β) (10)  

where μM/σM = β is called the safety/reliability index, which is the 
standard deviation by which the mean value of the safety margin M 
exceeds zero or most likely exceeds the failure point (Fig. 8). 

However, if the resistance and the load cannot be described by only 
two random variables but rather by functions of the same random var-
iables and statistically dependent, the safety margin M will be: 

M = R − S = f1(X) − f2(X) = g(X) (11)  

where X is a vector with n so-called basic random variables, the function 
g(X) is denoted as the limit state function, which is a boundary between 
desired (g(X) >0) and undesired (g(X) ≤ 0) performance of any structure 
and defined within a mathematical model for functionality and perfor-
mance (Ditlevsen and Madsen, 2007). 

3.2.2. Limit state function 
In this study, we considered the limit state function is based on the 

Mohr-Coulomb failure criteria. Considering isotropic horizontal stress 
condition and normal faulting regime in the study area (Skurtveit et al., 
2018), the factor of safety (FoS) is defined as: 

FoS =
τMC

τcurrent
(12)  

τMC = S0 + σ’
n ∙tan∅ (13)  

τcurrent =
σ’

1 − σ’
3

2
∙sin2θ (14)  

σ’
n =

σ’
1 + σ’

3

2
+

σ’
1 − σ’

3

2
∙cos2θ (15)  

where τMC is critical shear stress or shear strength, σ’
n is effective normal 

stress, S0 is cohesion, σ1 is initial vertical stress, σ3 is initial horizontal 
stress, σ’

1 is effective vertical stress, σ’
3 is effective horizontal stress, ∅ is 

an effective friction angle, and θ is fault dip. 
The state of the structure is safe when the factor of safety is greater 

than 1 and fails when it is less than 1. Therefore, the limit-state function 
defines as: 

g(x) = FoS − 1 (16)  

where g(x) is the limit-state function which is the boundary between safe 
(g(x) >0) and failure (g(x) ≤ 0) state. 

3.3. Reliability method 

Several well-established reliability methods are available (i.e., First 
Order Second Moment, First Order Reliability Method/Second Order 
Reliability Method, Monte Carlo simulation, etc.). We tested Monte 
Carlo Simulation (MCS) and First Order Reliability Method (FORM) to 
estimate Vette fault’s probability of failure. The MCS is a procedure 
where the limit state function is evaluated by randomly selected samples 
from the input values to determine whether the configuration is desir-
able or not. The probability of failure (Pf), however, is estimated by the 
number of unwanted settings (nf ), with respect to the total numbers of 
samples (n). 

Pf =
nf

n
(17) 

It is a powerful technique but sometimes impractical when the 
probability of failure is small and requires many simulations to obtain a 
reliable distribution. However, sampling techniques (i.e., Latin Hyper-
cube, Orthogonal, etc.) can optimize the number of simulations required 
for reliable distribution of the response, which we did not consider in 
this study. 

On the contrary, the First Order Reliability Method (FORM) is a basic 
method for reliability evaluation in structural reliability theory and is 
widely used in practical engineering problems (Faber, 2009; Nadim, 
2007), which is proposed by Hasofer and Lind (1974). According to this 
method, the reliability index (βHL) is the shortest distance z* from the 
origin to the failure surface g(z) in a normalized space and denoted as: 

βHL∶ = β = αT̅→
z∗ (18)  

where the normalized space is transformed to standardized normally 
distributed random variables with zero means and unit standard de-
viations (Fig. 9). α→ denotes the normal vector to the failure surface g(z) 
and is given by: 

α→= −
∇g(z∗)
|∇g(z∗)|

(19)  Fig. 8. Normally distributed, the probability distribution function of safety 
margin M showing the probable failure and safe zones (adapted from 
Faber, 2009). 
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where g(z) is the gradient vector, which is assumed to exist: 

∇g(z) =
(

∂g
∂z1

(z),……..,
∂g
∂zn

(z)
)

(20) 

Therefore, the reliability index β is an optimization problem and non- 
linear case; an iterative method must be used (Madsen et al., 2006; 
Thoft-Christensen and Baker, 1982). Hence the probability of failure is 
equal to the probability that an undesired performance will occur and 
determined through the following n-dimensional integral: 

Pf =

∫

g(x)≤0

fX(X)dx (21)  

where fX(X) is the joint probability density function for the vector of 
basic random variables X, and the integration is performed over the 
failure domain. This procedure called FORM, and β is the First Order 
Reliability Index (Madsen et al., 2006). The results of FORM, which uses 
a linearization of the limit state function, could be inaccurate if the 
points for the linearization are not properly selected. This study adopted 
a search algorithm to find the most probable failure points instead of 
using the mean and the standard deviation as the linearization points. 

The Python-based open-source structural reliability analysis module 
PyRe (Hackl, 2018) was used to initiate and run the MCS and FORM 
techniques models. PyRe has been created from FERUM (Finite Element 
Reliability Using Matlab) project started in 1999 at the University of 
California, Berkeley, for pedagogical purposes. However, only the core 
function of the FERUM was implemented, which focuses on the reli-
ability analysis and not considered finite element methods. Along with 
the core reliability functionality and summarizing output, PyRe is also 
very flexible and extensive, making it applicable to a large suite of 
problems. Other softwares, such as excel™ 2016 version is used for the 
cross-plots and sensitivity analysis, while 2018 version of Petrel™is used 
for seismic and petrophysical interpretation. Moreover, the MohrPlot-
ter™ version-3 is used for the Mohr-Columb failure plot. 

4. Results 

4.1. Estimated reliability of the Vette fault 

The probability of failure of the Vette fault is summarized in Table 3. 
All four different fault smearing scenarios described in chapter 3.1.1 are 
considered for this reliability analysis. As outlined in Table 3, the 
probability of failure (Pf) of the Vette fault varies significantly with the 
variation of fault rock strength properties (i.e., different cases). When 
the fault smearing is assumed as cohesionless material (i.e., case 1), this 

scenario results in the highest probability of failure (i.e., 1.64E-02). 
However, when the fault smearing scenario is assumed to be from 
Rødby Formation (i.e., case 4), the calculated probability of failure (i.e., 
<10− 6) using the number of trials 108. The failure probability of cases 2 
and 3 ranges in between at 10-4 and 10− 6, respectively. 

The MCS results are sensitive to the number of trails; hence, the 
accuracy depends on it. If there are enough trials, the MCS calculates 
fairly accurate probability. The number of MCS trial sensitivity is shown 
in Fig. 10, where failure probability is run in different iterations for case 
1 initial scenario. The obtained failure probability fluctuated signifi-
cantly and eventually became insensitive to the number of trials when 
the number was larger than 106. This indicated that the probability of 
failure estimated using MCS for cases 3 and 4 are within the sensitive 
zone and need additional trials for more accurate values. 

On the contrary, the First Order Reliability Method (FORM) gives 

Fig. 9. a) Illustration of a physical space of two random variables (X1 and X2) with the limit state function stated g(X), and b) after normalization of the random 
variables into standardized normally distributed variables Z with the design point z* and reliability index β. Note that the grey shaded area denoted the failure 
domain, and g(X)/g(Z) = 0 is the failure surface (modified after Madsen et al., 2006). 

Table 3 
Probability of failure of VF in different scenarios estimated using MCS and 
FORM.   

Monte-Carlo FORM  

Initial condition After injection Initial condition After injection 

Case 1 1.64E-02 1.24E-02 8.70E-03 1.16E-02 
Case 2 1.14E-04 1.15E-04 1.68E-04 1.27E-04 
Case 3 7.58E-06 8.60E-06 2.84E-04 2.01E-04 
Case 4 <10− 6 <10− 6 1.20E-11 2.23E-12  

Fig. 10. Failure probabilities were calculated based on the different number of 
iterations for case 1, showing the sensitivity of the MCS method. 
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consistent failure results compared with the MCS (i.e., cases 1 and 2) 
(Table 3). As cases 3 and 4 need more trials in the MCS method, we 
assume FORM approximated realistic values for these cases. Therefore, 
FORM results in this study are considered reliable and used for further 
discussions. 

When the FORM results are compared with the initial condition, and 
after CO2 injection scenarios, the difference is minimal. Although the 
pore pressure change due to injection is used as a deterministic number 
in this study, the after-injection scenarios showed a slightly higher 
failure value than the initial condition except case 4, where the value is 
somewhat smaller (Table 4). The reliability index value in the First 
Order Reliability Method also followed a similar trend (i.e., lower in the 
after-injection scenarios than the initial condition except case 4). 

The differences in fault failure for horizontal stress path calculated 
using Eqs. (2) and (4) are very minimal. The Pf values using the FORM 
method in the after-injection scenario are shown in Table 5. Overall, the 
normal faulting region horizontal stress change option has slightly lower 
values compared to the case where we ignored the faulting influence. 

4.2. Computational efficiency 

The concepts of both stochastic Monte-Carlo simulation and the First 
Order Reliability Method are different and have their advantages and 
disadvantages. Monte-Carlo simulation is a powerful technique, but 
analyzing a very low (i.e., case 4) structural probability of failure can 
sometimes be unrealistic. For example, to estimate the case 4 failure 
probability, the Monte-Carlo simulation required more than 1012 trials 
(FORM estimated failure value is 2.23E-12), which are very time- 
consuming and practically impossible. In contrast, the number of iter-
ations needed to approximate the reliability index in the First Order 
Reliability Method is minimal (Table 6); hence, the time required is 
insignificant but shown to be quite accurate compared to Monte-Carlo 
simulation results. 

4.3. Sensitivity analysis 

Both deterministic and probabilistic sensitivity factors are evaluated 
where each has its unique advantages. The deterministic sensitivity in-
dicates how much each random variable’s mean and standard deviation 
contributes to the response’s variability. In contrast, the probabilistic 
sensitivity, which results from the probabilistic analyses, indicated each 
parameter’s effect on the reliability function (Easley et al., 2007). 

4.3.1. Deterministic sensitivity 
Each parameter’s weight acted on the Vette fault safety factor is 

analyzed using ‘one variable at a time’ (OVAT) sensitivity analysis 
technique (Campolongo et al., 2000; Rohmer and Seyedi, 2010). The 
concept is that each input parameter is alternatively assigned its mini-
mum and maximum values, whereas the other input parameters are 
fixed to their mean values. The input parameter ranges are summarized 
in Table 7. The factor of safety parameter has been calculated as output 
using Eq. (12). The case 4 scenarios are illustrated here as equivalent to 
the Rødby Formation strength case, which is most likely the scenario 
based on our geological interpretation. 

The OVAT analysis illustrated that the initial horizontal and vertical 

stresses (i.e., initial stress state) have the most significant impact than 
any other input parameters (Fig. 11). Therefore, these can be the critical 
parameters related to the fault failure risk. The smallest value of σ’

3 
corresponds to the highest failure tendency and vice versa. On the 
contrary, the minimum value of σ’

v denotes the higher safety state while 
the higher failure state symbolizes the maximum σ’

v values. The fault 
rock strength properties (i.e., cohesion and friction angle) and pore 
pressure also have a strong influence on safety measures. On the con-
trary, the horizontal stress path and fault dip values have minimal effect 
on assessing fault safety. 

4.3.2. Probabilistic sensitivity 
The relative design sensitivity factors or the relative importance 

factors (α) are often referred to as probabilistic sensitivity factors, which 
are very useful for the relative ranking of random variables. This is 
obtained by performing several probabilistic analyses and treating every 
individual parameter as a deterministic variable in each study (NESUS 
Theoretical Manual, 2011; Pereira et al., 2014). A positive sensitivity 
indicates a direct relationship between the variable’s value and the 
response, while a negative sensitivity suggests an inverse relationship. 
Moreover, the square of each sensitivity factor (α2

i ) is a measure of its 
contribution to the probability, and the sum is equal to unity (i.e., 1). 
However, this sensitivity factor is not always ideal for the design process 
as it is only represented by standard normal variates while the mean, 
standard deviation, and distribution type needed to represent the full 
picture (Easley et al., 2007). 

In this study, the probabilistic sensitivity factors (α) showed that 
different variables’ relative significance is different in other cases 
(Fig. 12). For example, in case 1, pore pressure (Pp) and horizontal stress 
(σh) contributed most of the variability, while the fault dip (θ) with the 
null value indicated no contribution. In contrast, horizontal stress (σh), 
fault dip (θ), and cohesion (S0) represent the most contributor 

Table 4 
Probability of Failure (Pf) and Reliability Index (β) of different scenarios esti-
mated using FORM in the initial condition and after injection scenarios.   

Initial condition After injection  

Pf β Pf β 

Case 1 8.70E-03 2.3781 1.16E-02 2.2692 
Case 2 1.68E-04 3.5856 1.27E-04 3.6586 
Case 3 2.84E-04 3.4465 2.01E-04 3.5384 
Case 4 1.20E-11 6.6797 2.23E-12 6.9219  

Table 5 
Effect of injection-related horizontal stress path on failure probability values 
estimated using FORM.   

γh γfault 

Case 1 1.16E-02 1.16E-02 
Case 2 1.27E-04 1.20E-04 
Case 3 2.01E-04 2.01E-04 
Case 4 2.23E-12 2.23E-12  

Table 6 
The number of iterations to estimate the failure probability represents the time 
required for each technique.   

FORMa Monte-Carlo 

Case 1 6 

100000000 Case 2 9 
Case 3 10 
Case 4 26  

a The number of iteration required to minimize the distance to the design 
point z in the Eq. (20) from origin. 

Table 7 
Input parameters with minimum and maximum values used in the deter-
ministic sensitivity analysis.  

Parameter Value Range 

Initial vertical stress (σv) 21.60¡22.90 (MPa) 
Initial horizontal stress (σh) 15.90¡17.80 (MPa) 
Pore pressure (Pp) 9.16¡11.80 (MPa) 
Horizontal stress path (γh) 0.44¡0.58 
Vette fault Dip (θ) 41.25–49.25◦

Cohesion, Rødby (S0) 6.21–7.41 (MPa) 
Friction angle, Rødby (ϕ) 16.49¡26.77◦
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parameters for the rest of the cases (i.e., cases 2, 3, and 4). The least 
influential factor for all the cases is the horizontal stress path (γh), which 
is also shown in deterministic sensitivity analysis for case 4 (Fig. 11). 
Overall, both analyses for case 4 have similarities except fault dip (θ) 
and friction angle (S0), where a significant variation was observed be-
tween the analyses. 

4.4. System reliability analysis of Vette fault 

In this study, we estimated the Vette fault system reliability using an 
event tree. The reliability results of each case show that the most un-
likely scenario (i.e., case 1) resulted in a 100 times higher probability of 
failure than less likely scenarios (i.e., cases 2 and 3) and a million times 
higher probability than likely scenarios (i.e., case 4). To evaluate the 
overall stability of faults, the probability of possible fault smearing cases 
is weighted by scenario likelihoods. The event probability values for 
each likelihood are assigned based on the Vette fault’s geological un-
derstanding, while the ranges are validated using the published 

literature (Brændeland et al., 2010; Nadim, 2007). Subsequently, for 
each case, the failure and non-failure state are estimated using the 
probability of failure values calculated by the FORM. We used the FORM 
estimated Pf values because all the fault rock strength scenarios have 
approximated values that are quite accurate compared to the 
Monte-Carlo simulation results in higher Pf scenarios (i.e., case 1 and 2). 
The total probability of failure and non-failure values for each case are 
estimated by considering the fault rock strength parameters (i.e., 
cohesion and friction angles) uncertainties. Finally, by adding all the 
failure values, the system failure of the Vette fault is calculated. 

The calculated system reliability is summarized in Fig. 13. The 
computed system probability of failure of the Vette fault is around 
1.46E-04. The Vette fault system failure values are equivalent to cases 2 
and 3 (i.e., 1.27E-04 and 2.01E04, respectively) while significantly 
higher than case 4 (i.e., 2.23E-12) and lower than case 1 (i.e., 1.16E-02). 
Although case 1 is a very unlikely scenario, this scenario’s weight on 
system failure’s total probability is important (i.e., 1.16E-04 out of 
1.46E-04), because the probability of failure of scenario 1 is significantly 
higher than the other scenarios. On the contrary, the contribution of the 
most likely scenario (i.e., case 4), which has the probability of failure of 
10− 12, on the total system failure probability seems to be negligible. If 
we exclude the unlikely scenarios from the decision making, it can un-
derestimate the system failure. Thus, caution needs to be taken for the 
low likelihood scenarios; for example, in the worst-case scenario (i.e., 
case 1), the consequences might be intense. The event tree is used to 
calculate system failure probability, which considered all the probabi-
listic incident, hence an excellent approach to represent the system 
reliability. 

The system reliability index (β) is also estimated from the relation-
ship between the probability of failure (Pf) and the reliability index (β). 
The trend line is drawn using the data points calculated for different 
cases in the initial condition scenario using the FORM. According to the 
graph, the Vette fault system reliability is ~3.7 (Fig. 14). 

5. Discussion 

In the case of Vette fault stability in the Smeaheia area, the failure 
probability estimation approach is new and essential to understanding 
the fault seal risks. The riskiest scenario (i.e., case 1) is unlikely to 
happen as several similar fault-related traps (i.e., Tusse, Svartalv, and 
Troll faults) in nearby Troll Field contain thick hydrocarbon columns. 

Fig. 11. The tornado diagram of the most likely scenario (case 4) after the injection case shows the relative importance of parameters.  

Fig. 12. Sensitivity factors (α) for the probabilistic analysis of Vette fault using 
FORM showing the relative ranking of the random variables (i.e., σv = Vertical 
stress; σh = Horizontal stress; Pp = Pore pressure; γh = Horizontal stress path; θ 
= Fault dip; S0 = Cohesion and Φ = friction angle). 
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Moreover, the evolution and extent of these faults (i.e., Vette, Tusse, 
Svart, Troll, etc.) are related (Stewart et al., 1995; Whipp et al., 2014), 
which indicated similar fault geometry and fault zone complexities in 
Vette fault as well. However, as case 1 is unlikely but a possible scenario, 
despite a low possibility, there are always chances of this event to 
happen, and if it occurs, the consequences will be significant. For 
instance, the probability of unsatisfactory performance for case 1 is 11 
out of 1000, which belongs to the poor-to-unsatisfactory zone in the 
expected performance level (Table 8). To compare the poor and unsat-
isfactory level illustrated 23 and 70 failure events out of 1000 runs, 

respectively. On the other hand, the best-case scenario (case 4), where 
the Rødby Formation juxtaposes with the main reservoir rock (i.e., 
Sognefjord Formation), has very high fault seal probability (i.e., 
0.7–1.0). Based on Færseth et al. (2007), the qualitative fault seal 
method shows a high uncalibrated shale gauge ratio (SGR). However, 
towards the south of the primary Vette fault, relay zones are formed, 
with cross-fault self-juxtaposition of the reservoir interval indicating low 
fault seal probability value (i.e., 0− 0.3) (Mulrooney et al., 2018). There 
could be a possibility of pressure communication through this reservoir- 
reservoir juxtaposition. Still, the location is far from the proposed Alpha 
structure (south tipping point of the Vette fault) and might not be 
influential considering short post-injection time compare with the 
geological time frame (Fulljames et al., 1997). However, it is worth 
testing the scenario in any future numerical fluid flow model. 

The Draupne Formation shales could have been smeared in the early 
stage of the Vette fault; however, at present, the fault throw is signifi-
cantly high near the Alpha structure, reducing the chances of smearing 
of this formation (Færseth, 2006). Fault rock strength equivalent to 
Sognefjord Formation is also unlikely as the fault interpreted in the 3D 
seismic (i.e., GN1101) is very sharp and seems to be a single surface. 
Moreover, there might be a possibility of sub-seismic resolution faults, 
which might change the likelihood of this case. However, the 3D seismic 
used for the structural interpretation (i.e., fault dip and definition of 
different scenarios) has good quality. Still, there are always 
interpretation-related uncertainties (i.e., human error, seismic quality, 
sub-seismic fault plane, etc.) present (Bond et al., 2015). The probabi-
listic approach such as this study incorporated those interpretation 
related uncertainties by using a probable data range. In contrast, the 
result of a deterministic method cannot include such a range and cannot 
cope with the uncertainties. Moreover, there might be the risk of bias-
ness while assigning the probabilistic likelihood values for cases based 
on the geological understanding of that area. However, system reli-
ability using the event tree method can significantly reduce that risk 
because the worst-case scenario dictates the final failure probability. For 
example, the Vette fault system PoF is within the 10− 4 region, which is 
also the worst-case total probability of failure. If we change the likeli-
hood number for other cases, the system failure number will be still 
within the 10− 4 region. However, caution is needed to assign the 
worst-case scenario likelihood because if decreased tenfold, the system 
failure will be responding accordingly. 

One of the positive findings is that the Vette fault failure probability 
decreases significantly with increasing the likelihood of the fault rock 
strength scenarios (Fig. 15). The higher the likelihood, the higher the 
possibility of the event to happen, hence increasing the possibility of 
sealing the Vette fault. Considering the geological interpretation with 
the failure probability, the Vette fault likely provides a structural trap for 

Fig. 13. Event tree of Vette fault system reliability analysis showing the system failure number.  

Fig. 14. Relationships between the reliability index and the probability of 
failure of this study. The trend line is generated by connecting the data points 
estimated for various scenarios. 

Table 8 
The expected performances are based on the reliability index and the probability 
of failure values, adapted from U.S. Army Corps of Engineers (1997).  

Expected Performance 
Level 

Reliability index 
(β) 

Probability of Unsatisfactory 
Performancea 

High 5.0 0.0000003 
Good 4.0 0.00003 
Above average 3.0 0.001 
Below average 2.5 0.006 
Poor 2.0 0.023 
Unsatisfactory 1.5 0.07 
Hazardous 1.0 0.16  

a Probability of unsatisfactory performance is the probability that the value of 
performance function will approach the limit state, or that an unsatisfactory 
event will occur. 
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the Alpha prospect; however, numerical modeling is required to eval-
uate the effect of the southward fault segment changes. 

The reliability index (β) and the probability of failure (Pf) in any 
structure are a relative measurement of the current condition and pro-
vide a qualitative estimation of the expected performance (U.S. Army 
Corps of Engineers, 1997). Table 8 shows the β and Pf values with the 
corresponding performances to interpret structural safety. According to 
the chart (U.S. Army Corps of Engineers, 1997), the Vette fault system is 
in between the good to above-average performance range (i.e., β =
~3.7), which is also recommended by NORSOK standard Report (2010) 
for offshore installation. The unsatisfactory failure event for the Vette 
fault estimated is only 14 of 100000 results. Considering these published 
failure ranges, we can conclude that the Vette fault system’s overall 
probability of failure is within the acceptable range and suggests that 
this fault may be a barrier in the potential Alpha structure. 

The input parameters used to evaluate subsurface fault failure are 
often highly uncertain and cannot include all the uncertainties in the 
deterministic approach. However, the probabilistic method such as this 
study can integrate all the possible uncertain parameters with different 
ranges and can estimate the reliability; hence indicates the significance 
of the probabilistic approach in any structural integrity issues (i.e., fault 
seal analysis). Moreover, this study shows that integrating the likelihood 
of possible scenarios can result in different results than the case 
considering the only most likely scenario. In this way, the method 
considered all the possible worst-case scenario risks within the whole 
structural system reliability value; hence it was deemed more reliable. 
Also, the deterministic safety factor does not reflect the corresponding 
failure probability (Nadim, 2007). For example, Christian et al. (1994) 
illustrated a significantly different probability of failure for James Bay 
dikes for three height of dikes, where the factor of safety is similar. The 
probabilistic analysis can also explicitly show the trade-off between 
investment and reduction of potential losses, thus facilitating 
decision-making in the presence of uncertainties (Juang et al., 2019). In 
connection with the CO2 storage sites, the structural system reliability 
value might thus simplify the future project decision. 

This study shows that the methods used for system reliability anal-
ysis should be convenient and robust that can capture the risk of unlikely 
scenario. When the low failure probability of the case 4 was calculated, 
the crude Monte-Carlo simulation needs a significant number of itera-
tions to get a result. It might be expensive and in some cases practically 
impossible. This study indicates that the FORM technique seems to be 
one of the appropriate method for this kind of subsurface static prob-
lems. When the limit state function is a smooth and monotonic function, 
which are typical for most of the static system, FORM can estimate the 
reliability index relatively accurately (Madsen et al., 2016). However, 
for the highly non-linear and high dimensional problems, which can 
often be for dynamic systems, FORM can result in a local minimum and 
consequently lead to an error (Fiessler et al., 1979). Thus, applying 

FORM for highly non-linear dynamic problems should be prudent. In 
further studies which calculate the stress conditions coupled with flow 
simulations using numerical methods (e.g., finite element method), 
other reliability approaches including optimized Monte Carlo simula-
tions (e.g., importance sampling method) should be taken into account 
and the accuracy and efficiency should be tested. 

The analytical solutions for the factor of random safety variables are 
usually represented as normal random variables with limited probability 
distribution options; hence numerical tools are necessary (Nomikos and 
Sofianos, 2011). However, assessing the possibility of evaluating the 
sensitivity of various input parameters in the analytical model is very 
convenient. This analysis will provide guidelines for future investiga-
tion. This study finds that the anisotropy of in-situ horizontal stress 
could be the most sensitive parameter for Smeaheia faults stability 
analysis; furthermore, the vertical stress and fault rock strength prop-
erties also have a significant impact. The in-situ stress field in Smeaheia 
needs further investigation for a better fault reliability understanding. In 
this study, we considered only 2D stress conditions by assuming the 
isotropic horizontal stress condition. The extended leak-off test database 
from the North Sea shows almost isotropic horizontal stress conditions 
for most North Sea hydrocarbon reservoirs (Andrews et al., 2016). 
However, 3D uncertainties along the fault plane could also be important 
when the probability of failure is near the marginal range. Besides, the 
pore pressure effect along the vertical section of fault might be critical to 
evaluate fault safety. Therefore, these parameters need further study 
before any future modeling work (i.e., analytical or numerical modeling 
approach). 

6. Conclusion 

The structural reliability of the Vette fault is the key to a successful 
Alpha structure CO2 injection project. However, the parameters needed 
to evaluate the fault sealing integrity are highly uncertain. Therefore, we 
proposed this probabilistic reliability technique to estimate the struc-
tural failure likelihood of the Vette fault. The critical observations of this 
study are as follows:  

• The cohesionless fault scenario has the highest failure probability, 
while the fault rock properties equivalent to the Rødby Formation 
case shows the lowest value. Moreover, the difference between the 
initial condition and the after-injection scenario is minimal.  

• Both deterministic and probabilistic sensitivity analyses revealed 
that the in-situ stresses (vertical and horizontal) and fault rock 
strength properties (cohesion and friction angle) are the critical pa-
rameters influencing fault stability.  

• Integrating the likelihood of possible scenarios using the event tree 
method can quantify the overall structural failure. The failure value 
estimated using this approach is the better representation of total 
failure compared to the case considering only the most likely sce-
nario because the event tree method considered all the possible 
scenarios. However, caution needs to be taken for the low likelihood 
scenarios if the low likelihood scenario’s failure probability is 
significantly higher than other likely scenarios. 

• The Vette fault system reliability analysis’ probabilistic value sug-
gested that the fault seems to be structurally reliable. Hence, it may 
act as a potential barrier during the injection of CO2 into the Alpha 
structure. 

We can conclude that the probabilistic scenario-based event tree 
approach can be useful to quantify the subsurface structural reliability 
and proved to be a valuable tool in case considerable uncertainties are 
present. 
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A B S T R A C T   

Although geological CO2 sequestration is an essential solution for reducing anthropogenic carbon dioxide from 
the atmosphere, the method needs critical evaluation of injection-induced mechanical risks for safe and reliable 
CO2 storage. 3D field-scale geomechanical modeling is a preeminent solution for assessing mechanical risks of 
subsurface geological CO2 storage. However, data scarcity of seals and overburden rocks might limit building the 
3D field-scale geomechanical model. This study focuses on seismic data-derived 3D field-scale geomechanical 
modeling of potential CO2 storage site Smeaheia, offshore Norway. The geomechanical properties inverted from 
seismic data are resampled in the 3D grid to consider spatial variabilities of seal and overburden rock properties. 
This method allows us to investigate the effect of overburden rock spatial variability imposed in seismic data on 
the 3D geomechanical model of Smeaheia. The model was built in Petrel-2019, while the one-way geomechanical 
simulation is iterated using the finite element method. Simplified constant overburden property models are also 
constructed to analyze the sensitivity of the overburden rock properties. The results reveal that the seismic data- 
driven spatially distributed overburden properties model workflow used in this study is a convenient and robust 
solution for 3D field-scale geomechanical modeling. The maximum vertical estimation of rock deformation is 
doubled in the simplified (isotropic) overburden rock property model compared to the new spatially variable 
(anisotropic) overburden rock property model. The Mohr-Coulomb failure envelope reveals that the new 
modeling approach is less prone to failure than the simplified (isotropic) model, which might influence the 
project decision. Moreover, our study demonstrates the importance of considering the spatial variability of 
overburden rock properties in building the 3D field-scale geomechanical model.   

1. Introduction 

Geological sequestration of anthropogenic CO2 (CCS) into saline 
aquifers or depleted hydrocarbon reservoirs is one of the many solutions 
to achieve the Paris Climate Accords to keep the average global tem-
perature rise well below 2 ◦C by 2050. According to NPD CO2 Atlas 
(2014), the CO2 storage capacity of the Norwegian Continental Shelf 
(NCS) is significant, where the Norwegian government and industries 
already show interest in the gigaton level of CO2 storage (i.e., Northern 
lights project under the Longship). The phase 1 plan for this project is to 
capture, transport, inject and store up to 1.5 MT of CO2 per year, while in 
the future, the project will store up to 5 MT of CO2 per year based on the 
market demand from the large CO2 emitters across Europe (Northern 
Lights project). However, any CCS project needs critical evaluation of 
injection-related risks (3D field-scale geomechanical modeling) for safe, 

reliable, and permanent geological storage. 
Injecting CO2 into saline aquifer changes the fluid saturation that 

results in a local disturbance in pressure and temperature and influences 
the mechanical behavior of the reservoir, cap, and overburden rocks. 
The potential geomechanical consequences would be the flexure of the 
top-seal and overburden, reactivation of existing faults, induced share 
failure, formation of new fracture and faults, changes in porosity within 
the reservoir, etc. (Hawkes et al., 2005; Herwanger and Koutsabeloulis, 
2011; Rutqvist et al., 2008, 2007; Soltanzadeh and Hawkes, 2008; Streit 
and Hillis, 2004, Fig. 1). Therefore, evaluating CO2 injection-related 
geomechanical risks is essential for reliable and successful CCS pro-
jects like Smeaheia and Longship. 

The reliability of the CCS project depends on seal integrity, which 
includes caprock effectiveness and fault sealing potential (Chiaramonte 
et al., 2015; Park et al., 2020; Rahman et al., 2020, 2021; Rutqvist et al., 
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2007; Skurtveit et al., 2018). Generally, the top seal consists of 
fine-grained rocks with a significantly small pore throat radius and 
exceptionally high capillary entry pressure. Watts (1987) introduced the 
concept as hydraulic seals, i.e., seals where the capillary entry pressure 
is so high that seal breach only occurs due to fracturing (i.e., shear 
failure) of the caprock (Ingram et al., 1997). Therefore, assessment of 
the potential flexure of the top seal and overburden rocks becomes 
important. The injected CO2 into the saline aquifer will change the 
effective stress (i.e., principal stress minus pore pressure) and influence 
the mechanical deformation of rock and failure (Verdon et al., 2013). 
This process may lead to enormous rock deformation, such as the sea-
floor heave illustrated in Fig. 1. The elastic behavior of pore fluid under 
the drainage condition (i.e., poroelasticity) might influence the me-
chanical behavior and stress path within the reservoirs (Addis, 1997; 
Grasso, 1992; Hillis, 2001; Segall, 1989), which also indirectly affect the 
above cap and overburden rocks. Additional processes such as hydraulic 
aperture evolution, hydrological property changes, effective stress in-
duction, and mechanical strength degradation can influence the effec-
tive stress (Park et al., 2020; Rutqvist et al., 2007), leading to different 
caprock and overburden deformation. 

During drilling a well, there has been good coverage of data (i.e., 
cores, wireline logs, pressure data, etc.) acquired in the reservoir sec-
tion. However, the caprock and overburden sections have mostly been 
ignored to collect data. This data gap is reflected in most geomechanical 
modeling works, where simple assumptions are used for overburden 
rock property evaluation (i.e., Fischer and Henk, 2013; Fokker et al., 
2011; Grollimund and Zoback, 2003; Mandal et al., 2021; Newell et al., 
2017; Olden et al., 2014; Ouellet et al., 2011; Tenthorey et al., 2013; 
Vidal-Gilbert et al., 2010). However, the effectiveness of 3D field-scale 
geomechanical modeling in rock deformation and failure is proven 
and published by several authors to evaluate the influence of CO2 in-
jections and gas storage projects worldwide. For instance, a 3D geo-
mechanical model building and calibrating workflow proposed by 
Fischer and Henk (2013) using a gas reservoir in the North German 
Basin; while Vidal-Gilbert et al. (2010) and Tenthoreya et al. (2013) 
analyzed the geomechanical consequences using the gas fields (Naylor 
and Iona) from Australia. Several authors also investigated the surface 

upliftment at the In Salah CO2 storage site (Fokker et al., 2011; Newell 
et al., 2017). However, the simple assumption in the overburden section 
is used in all the work except Mandal et al. (2021), where they build a 
gridded overburden static geomechanical model. They used 1D well 
properties points dataset during interpolating laterally. When limited 
wells are present, the interpolation method increases the uncertainty 
significantly. The effect of anisotropic overburden properties in the 
dynamic simulation is missing in their work. On the contrary, other 
authors (Olden et al., 2014; Ouellet et al., 2011) did the dynamic 
simulation but focused on mainly the reservoir and caprock sections and 
used simple assumptions for the overburden section. 

Seismic data have been used for geomechanical models, but only 
focusing on reservoir and cap rocks sections and not on the whole sub-
surface (Herwanger and Koutsabeloulis, 2011; Sengupta et al., 2011). 
The seismic data-driven geomechanical properties of cap and over-
burden rocks can be a possible solution to fill the data gap because the 
3D seismic volume has a full coverage of data from the seafloor to below 
the reservoir zone. This gap in geomechanical model building motivates 
us to carry out this research so that we can integrate all the pieces and 
build a robust geomechanical model to answer the critical questions 
regarding associated risks during CO2 injection into the prospective 
reservoirs. The results from a simple modeling approach might hide 
possible risks demonstrated in Fig. 1b. Therefore, a high-resolution 
spatial gridded cap and overburden sections are needed in geo-
mechanical modeling to assess the caprock integrity and realistic over-
burden rock deformation.This study proposed a workflow to resolve this 
issue by integrating spatially gridded overburden properties with nu-
merical simulation for stress-strain changes due to CO2 
injection-induced pore pressure change. This research investigates the 
effect of overburden spatial variability by introducing a seismic 
properties-based 3D, one-way coupling geomechanical modeling 
workflow integrating petrophysics, rock physics, and seismic inversion 
techniques. The main aim is to test the sensitivity of overburden rock 
properties on rock mechanical failure due to CO2 injection-related 
reservoir pressure increase. Moreover, the total vertical displacement 
of reservoir-caprock interaction is also estimated. 

The credibility and practicality of this new modeling approach are 

Fig. 1. Schematic representation of CO2 injection-induced geomechanical effects in a saline storage complex including reservoir, caprock, and overburdens (a) pre- 
injection state and (b) during/post-injection scenario. Potential consequences include (1) surface heave, (2) bedding parallel slip along with soft layers, (3) & (4) fault 
reactivation, (5) caprock rock fracturing, and (6) Poro-perm change due to reservoir expansion. 
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tested using seismic and well log data of the potential CO2 storage site 
Smeaheia, offshore Norway. Finally, a field-scale comparative analysis 
of different models from the Smeaheia injection site is evaluated. To our 
known reference, the overburden spatial variability on field-scale geo-
mechanical models in CO2 storage or hydrocarbon production fields is 
not analyzed before; hence this work is a novel approach in this research 
arena. 

2. Geological setting, cap, and overburden rock properties 

The studied Smeaheia area is located in the Horda Platform (HP), 
northern North Sea, and bounded by two regional N–S trending faults; 
Vette fault (VF) in the west and Øygarden fault complex (ØFC) in the 
east (Fig. 2a). The area is positioned east of the giant Troll east gas field 
and has two structural closures named Alpha (32/4-1) and Beta (32/2- 
1). Both structures are fault-bounded closures where the Alpha structure 
is located in the footwall of the Vette Fault, and the Beta structure is 
located in the hanging wall of the Øygarden Fault Complex (Rahman 
et al., 2020). These faults are believed to have been formed during the 
Permo-Triassic 1st rifting event and rooted in the Caledonian zones of 
crustal weakness (Whipp et al., 2014). During the 1st rifting event, a 
wide basin with thick syn-depositional wedges is formed in the center of 
HP, while the 2nd rifting event (Late Jurassic to Mid-Cretaceous times) 
shifted westward but reactivated all the major faults and formed several 
smaller faults with minor displacement (Duffy et al., 2015; Skurtveit 
et al., 2018; Stewart et al., 1995; Whipp et al., 2014). Several small-scale 
faults/fractures are also created within the overburden section during 
the post-rift thermal subsidence (Claussen et al., 1999; Mulrooney et al., 
2020). 

The study area consists of Upper to Middle Jurassic reservoir and 
caprock pairs where the Sognefjord, Fensfjord, and Krossfjord formation 
sandstones act as the main reservoir rocks with good to moderate 
reservoir quality (Dreyer et al., 2005; Fawad et al., 2021a; Holgate et al., 
2015) and organic-rich Draupne and Heather formation shales act as the 
primary seal (Fig. 2b). The reservoir sandstones were deposited in a 
coastal shallow marine environment and interfingering with Heather 
Formation. In contrast, the caprock shales (Upper part of the Heather 

and Draupne Formations) were deposited in an open marine environ-
ment with restricted bottom circulation and often anaerobic conditions 
(NPD, 2021). A thick westward-dipping overburden section (475–800 
m) is also present, comprising fine-to coarse-grained siliciclastic pack-
ages with occasional carbonate-rich deposits (Faleide et al., 2015). 

Overburden rocks play a vital role in vertical surface displacement 
and sealing effectiveness assessment. Therefore, the overburden rocks 
properties used in geomechanical modeling work are critical and need to 
evaluate cautiously. It is crucial to know the complexities of the studied 
overburden rocks. The complexities varied from basin to basin, but this 
study tries to assess the effect of simplification of overburden rocks in 3D 
field-scale geomechanical modeling and the consequences on vertical 
surface displacement. The overburden rocks in the studied area (i.e., 
Smeaheia) have complex structural settings. For instance, the Creta-
ceous and Paleocene rocks are uplifted in the eastern part and eroded by 
Hordaland unconformity, while thick packages of those units are present 
in the west (Fig. 3a). Thick Quaternary glacial moraine sediments 
(Nordland Group) are deposited on top of the Hordaland unconformity. 
Due to the paleodepositional complexities, lateral depositional and 
diagenetic variations are observed, leading to various elastic and me-
chanical properties in the lateral and vertical directions (Fig. 3). More-
over, the inverted seismic cubes showed a good agreement between the 
rock properties with geophysical data (Fawad et al., 2021a & b). 

In geomechanical modeling workflow, constant properties of over-
burden, sideburden, and underburden geomechanical grids usually 
added with the spatially gridded reservoir model to mitigate the 
boundary effects and bending artifacts (Ouellet et al., 2011). However, 
considering the data range estimated from the seismic inversion (Fawad 
et al., 2021a & b) in the study area (Table 1), it is evident that a constant 
value for the whole overburden section might be over-simplification 
resulting in the omission of the actual mechanical risks. For instance, 
Young’s modulus (E) of overburden rocks ranges between 0.4 and 2.57 
GPa with an average value of 1.53 GPa. The difference is considerably 
large. Other properties also follow a similar trend with a significant 
difference between the minimum and maximum values. These over-
burden properties range indicates the urgency to have the spatially 
distributed overburden grids in 3D geomechanical model risk 

Fig. 2. The red polygon shows the studied model boundary located in the Horda Platform, offshore Norway (a). The area is placed east of the giant Troll east gas field 
and bounded by two major faults (Vette and Øygarden). The grey shaded lines represent major (TF – Tusse fault; VF – Vette fault; ØFC – Øygarden fault complex) and 
minor faults, and the dotted line indicates the cross-section A to B through the exploration wells 32/4-1 and 32/2-1. This cross-section is used later in the sub-section. 
(b) A generalized stratigraphic succession of Horda Platform covering the section from Lower Jurassic to the Quaternary (modified after NPD CO2 Atlas, 2014). 

M.J. Rahman et al.                                                                                                                                                                                                                             



Journal of Natural Gas Science and Engineering 99 (2022) 104453

4

assessment. 

3. Database and workflow 

The field-scale reservoir model structural grid is constructed using 
the seismic interpreted surfaces. The seismic interpretation (i.e., hori-
zons and faults) is carried out using a 3D post-stack seismic volume 
named GN1101 and two available wells 32/4-1 and 32/2-1 (Fig. 2a). 
Moreover, pre-stack simultaneous inversion (Fawad et al., 2021a & b) is 
carried out to invert 3D properties to estimate porosity, Young’s 
Modulus (E), Poisson’s Ratio (PR), and Density cubes to populate 
properties within the structural grids and volume of clay (Vsh), and 
P-sonic (DT) cubes are used to estimate Friction Angle (FA) and Un-
confined Compressional Stress (UCS), respectively. 

Fig. 4 illustrates the workflow used in this research to estimate field- 
scale rocks stress and strain in one-way coupling geomechanical 
modeling project. The 3D seismic inverted property cubes, which is 
calibrated with lab measurement and wireline logs during estimation, 
are directly used in the 3D structural grid. The seismic resampling 
function in the Petrel-2019 earth modeling module is used to distribute 
the properties within the model grids. However, the structural grid is 
constructed earlier, using the seismic interpreted time surfaces. After-
ward, the whole reservoir model (i.e., structural grid and properties) is 

converted into depth using the Smeahiea average velocity cube. Geo-
mechanical grid is introduced in-depth domain by adding sideburden, 
underburden, overburden, and plate with the reservoir grid. The 
boundary conditions (i.e., present tectonic stresses and pore pressure) 
have been defined. The model is now ready for numerical simulation; 
hence, the VISAGE simulator (Ouellet et al., 2011) is used to run 
one-way coupling (i.e., changing strain with stress change). After cali-
bration with the observed stresses, the numerically simulated field-scale 
3D model is transferred to the Petrel software for interpretation when 
the estimated value shows a reasonable outcome. This is the workflow 
we used in this research to run and interpret our models (described in 
detail later). 

4. Model setup 

A detailed description of the reservoir and geomechanical modeling 
structures are described in this section. In each sub-section, the reservoir 
model describes first, which follows the description of the geo-
mechanical model. Please note that the model time to depth conversion 
is performed after reservoir model elastic and strength properties 
distribution. 

4.1. Model scenarios 

The main focus of this research is to assess the effect of the constant 
(isotropic) overburden properties versus the spatially distributed true 
(anisotropic) properties on vertical displacement and changes of strain. 
Therefore, four models are run to see the overburden sensitivity 
(Table 2), where model 1 (M-1) has the spatially distributed overburden 
properties from seismic. In contrast, the rest of the models (M-2, M-3 & 
M-4) have constant overburden properties with the minimum, mean and 
maximum values (Table 1), respectively. Please note that the models 
have the same reservoir and caprock seismic driven properties (Fawad 

Fig. 3. The spatial and vertical distributions of seismic data-derived Young’s modulus (E) shows the W-E cross-section A to B (marked on Fig. 2) view with reservoir, 
caprock, and overburden horizons and wells (a). The extracted E on top of Lista (b) and Rødby (c) formations demonstrated the lateral variations of rock properties 
within the overburden. 

Table 1 
Overburden properties of density, Young’s modulus (E), Poisson’s ratio (PR), 
Friction angle (FA), and Unconfined compressional stress (UCS) show the min-
imum, average and maximum values in the study area.   

Density (gm/cc) E (GPa) PR FA (0) UCS (MPa) 

Min 2.14 0.4 0.35 24.51 5.02 
Avg 2.24 1.53 0.39 25.92 10.90 
Max 2.31 2.57 0.45 26.96 16.46  
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et al., 2021a & b) with the same number of grids. 
The reservoir simulation model is out of the scope of this study; 

hence there is no direct grid by grid pressure increase due to CO2 in-
jection data being available. Instead, in the one-way coupling, the 
reservoir simulation result of the Gassnova study is adapted (Gassnova, 
2012). However, different model grids require a constant increase in 
reservoir pressure in different time steps. In the Gassnova model, a total 
of 160 MT of CO2 is injected for 50 years with a 3.2 MT/year rate. The 
average reservoir porosity is 0.26, while the permeability is 690 mD, and 
the Kv/Kh ratio is equal to 0.1. No solubility of CO2 into the water 
function is used because a minor effect has been observed during the 
sensitivity study (Gassnova, 2012). We assess five (5) different time 
steps for one-way coupling starting from the initial hydrostatic scenario 
with every 10-years time step (Fig. 5). Because the main objective of this 
study is to evaluate the overburden spatial rock sensitivity, we do not 
consider other time steps such as every 5 years or every year scenario. 
The hydrostatic initial reservoir pressure is increased constantly 
throughout the model by multiplying the percentage adapted for each 
time step from the Gassonova reservoir simulation model. However, in 
the fluid simulation model, the CO2 plume will migrate in a specific area 
and direction based on the poro-perm and structural dip; hence, the 
reservoir pressure will be varied spatially. Nonetheless, this study has no 
effect because the same reservoir pressure increase scenarios are used in 
all the models. 

4.2. Structural grid 

Two sets of reservoir grids are prepared using Petrel structural 
modeling platform to analyze the overburden rock sensitivity. The first 
structural grid is for M-1 consists of 14 time surfaces interpreted from 
the 3D seismic cube (GN1101). This model comprises 13 zones, out of 
which 7 zones are from the overburden section, and the lowermost zone 
is underburden rock (Dunlin Group). The total number of vertical layers 

Fig. 4. Seismic properties based one-way coupling field-scale 3D geomechanical modeling workflow used in this research.  

Table 2 
The criteria used for various models tested in this research.  

Model 
no. 

Comments 

M-1 Model with overburden reservoir grid and spatially distributed 
properties 

M-2 Model with overburden geomechanical grid and minimal constant 
properties 

M-3 Model with overburden geomechanical grid and average constant 
properties 

M-4 Model with overburden geomechanical grid and maxmimum constant 
properties  

Fig. 5. Reservoir pressures in different time steps adapted from the Gassnova 
reservoir simulation model (Gassnova, 2012). 

Table 3 
Statistical comparison of reservoir grids constructed for Model-1 and Models-2/- 
3/-4.   

Reservoir Grid Geomechanical Grid 

M-1 M-2/-3/-4 M-1 M-2/-3/-4 

No of horizons 14 6 16 8 
No. of zones 13 5 15 7 
No. of layers 44 21 48 27 
No. of grid cells 340,692 158,928 442,320 243,648  
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is 44, with more than 340 thousand active grid cells (Table 3). On the 
contrary, the reservoir grids for M-2/-3/-4 are consist of only caprock 
and reservoirs with 6 horizons and 5 zones (1 caprock and 4 reservoirs 
zone). Moreover, the total layers and grid cells are much lower than the 
first grid with 21 and 158 thousand, respectively. The reservoir grid 
covers an area of 22 × 13 km2 (Fig. 5), while each grid covers an area of 
250 × 250 m2. The faults (i.e., Vette, Øygarden, and minor faults) are 
also considered during seismic horizon interpretation. However, a 
separate fault grid with different properties is not assigned for model 
simplicity. 

The reservoir grid is expanded laterally and vertically while building 
the geomechanical grid to mitigate boundary effects and buckling arti-
facts over the domain of interest. The original reservoir grids with the 
properties keep unchanged for both grids. The M-1 grid does not need 
overburden because the overburden section is included within the 
reservoir grid. Therefore, the sideburden and underburden are added to 
the reservoir grid for M-1, and sideburden, underburden, and over-
burden are added to the later grid. Along with the sideburden direction 
(horizontal), the size of neighboring cells increases by a factor of 1.5 
from the edge of the reservoir grid to the edge of the geomechanical grid 
and covers an area of 68 × 69 km2 (Fig. 6). The vertical thickness used 5 
km; hence the additional depth is adjusted by adding additional 
underburden in both geomechanical grids. 

4.3. Model properties 

The seismic inverted rock deformation and rock strength properties 
are resampling using the geometrical modeling function in Petrel-2019. 

The interpolate function is used where each cell is a weighted interpo-
lation of 4 seismic cells closest to the center of the grid cell. The prestack 
seismic inverted property cubes are estimated using an algorithm based 
on modified Fatti three reflectivity terms (Fatti et al., 1994; Fawad et al., 
2020; Hampson et al., 2005). Five partial stacks with angles 0-100, 
10-200, 20-300, 30-400, and 40-500 are used as the input data for the 
prestack simultaneous inversion (Fawad et al., 2021a). The properties 
such as porosity, density, Young’s modulus (E), Poisson’s ratio (PR) are 
estimated from seismic inversion and directly resampled within the grid, 
while the other inverted cubes such as volume of shale (Vsh) and P-sonic 
(DT) are used to calculate friction angle (FA) and unconfined compres-
sive stress (UCS) properties. The FA is estimated using a linear equation 
based on Vsh and stated that: 

FA= − 12.5Vsh + 32.5 (1)  

where the sand point (Vsh = 0) and shale point (Vsh = 1), the FA values 
are used as 32.5 and 20, respectively. The UCS is estimated from P-sonic 
(DT) using the equation proposed by Horsrud (2001): 

UCS= 0.77(304.8/DT)2.93 (2)  

where, DT is the P-sonic in μs/ft, and UCS is in MPa. 
Fig. 7 illustrates the cross-sectional view (AB marked on Fig. 2) of 

Young’s modulus property distributed within the reservoir grids. The 
spatially distributed overburden model (M-1) shows property variations 
within the overburden section (Fig. 7a), while the other model (Fig. 7b) 
indicated no overburden reservoir grid; hence, no lateral distribution. 
However, in the geomechanical grid, constant overburden, sideburden, 

Fig. 6. The model grid shows the reservoir and geomechanical grids distribution. The reservoir grid remains unchanged, while the geomechanical grid used a 1.5 
geometrical factor when added. 

M.J. Rahman et al.                                                                                                                                                                                                                             



Journal of Natural Gas Science and Engineering 99 (2022) 104453

7

and underburden values are used. Different models are tested using 
various overburden properties, while the sideburden and underburden 
properties are the same for all geomechanical grids. Average properties 
of Dunlin Group are used for underburden, while the caprock properties 
are used for sideburden grids. A 50 m stiff plate is also added at the edge 
of the geomechanical grid, which allows us to distribute the pressure 
within the grids uniformly. In addition, a Mohr-Coulomb failure criteria- 
based model is assigned. The sensitivity of Biot’s coefficient is not tested 
in this research; instead, it used 1 in all models. Moreover, the thermal 
effect is out of the scope of this work. 

4.4. Pore pressure and in-situ stresses 

It is crucial to know the pore pressure to identify the stress field since 
stress and pore pressure are closely related via poroelastic responses 
(Grollimund et al., 2001). The large parts of the Norwegian sector show 
pore pressure close to hydrostatic, including the areas surrounding the 
Troll and Oseberg fields. Initial hydrostatic reservoir pressure is also 
applied in this research. Although there is a possibility of depletion due 
to Troll production, this is not considered in this work. 

The in-situ principal stresses in an area depend on many factors and 
change with time. Moreover, in the study area, very few measurements 
are available. Based on the present-day seismicity (C-quality data) and 
leak of test (LOT) data observation, a normal faulting stress regime is 
assigned in the study area where the vertical stress (lithostatic stress) is 
the highest principal stress and the minimum horizontal stress is the 
lowest one (Heidbach et al., 2018; Rahman et al., 2021; Skurtveit et al., 
2018). The minimum horizontal stress (SHmin) gradient is used as 
0.01245 MPa/m estimated using X-LOT (Rahman et al., 2021), while the 
maximum horizontal stress (SHmax) assumed 10% more stress than 
SHmin (Fig. 8). Moreover, based on the seismicity database near Troll 
field, SHmax azimuthal direction is used as 1030 (Heidbach et al., 2018). 

Fig. 7. Cross-section of seismic inverted Young’s modulus distributed within the reservoir model grid (a) spatially distributed overburden (M-1) and (b) constant 
overburden properties (M-2, -3 & − 4). 

Fig. 8. The pore pressure and in-situ stresses in Alpha well (32/4-1) location 
assuming a normal faulting regime (modified after Rahman et al., 2021). The 
reservoir pressure increase after 50 years of injection (t5) is also illustrated 
for reference. 
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4.5. Simulator 

In this study, the VISAGE finite element mechanical simulator has 
been used to conduct one-way coupling (Ouellet et al., 2011). The static 
model preparation and simulation cases are defined in the Petrel-2019 
platform. When the model cases are ready, a VISAGE plug-in is used 
to iterate the defined models. As we used plug-in, the model results are 
directly available in the Petrel platform to analyze. 

5. Results 

The one-way coupling simulation is conducted using 5 different 
reservoir pressure scenarios illustrated in Fig. 9. The t0 time represents 
the initial hydrostatic reservoir pressure which increases with time due 
to CO2 injection in every 10-years time step. It is worth mentioning that 
the pressure increment is only applied within the Vette- Øygarden fault 
block (Fig. 9). Each pressure grid is assigned a time step mentioned in 
Fig. 5. As expected, the pressure increases from initial (t0) to t1 is sig-
nificant. After that, the increment is more gentle but has slight lateral 
variation. 

5.1. Ground deformation (seafloor) 

The estimation of vertical displacement of the seafloor is crucial to 
assess the suitability of the CO2 injection sites. The top view of seafloor 
deformation due to CO2 injection in various time steps in M-1 is illus-
trated in Fig. 10. The grid located west of the Vette fault is excluded 
because no pressure difference is addressed in this section, hence no 
deformations. The seafloor experienced a gradual uplift with time; 
however, spatial variation is also observed. Although the trend of lateral 
dissimilarity for each step shows similarity, it does not follow the 
pressure increase trends. Moreover, the maximum uplift estimated in M- 
1 is 7 cm, located in the middle and southern part of the model. 

5.2. Vertical displacement on the reservoir-caprock interface 

The base layer of the caprock is also assessed to evaluate the defor-
mation in the reservoir-caprock interface (Fig. 11). The grids west of the 
Vette fault are also excluded from the map-viewed results. Overall, the 
caprock is uplifted due to CO2 injection-related reservoir pressure 
change. The rock deformation gradually increases with time and reaches 
maximum uplift of 8 cm (at time t5). However, the increment of rock 
deformation followed a patchy trend nucleus at the middle-west part of 
the VF and continued eastward. Moreover, the deformation is observed 
minimal in both well locations. 

5.3. Comparative analysis 

One of the main objective of this research is to evaluate the sensi-
tivity of the overburden rock properties. In this section, we assessed that 
by comparing the models. In addition, the rock deformation difference 
between seafloor and base caprock is also evaluated. 

5.3.1. M-1 versus M-3 
The main difference between M-1 and M-3 models is the value of 

overburden properties and the distribution within grids. In M-1 seismic 
driven properties are spatially distributed while M-3 represents average 
constant properties for the whole overburden section. These variations 
not only significantly influence the seafloor deformations but also affect 
caprocks. The rock layer’s upliftment doubled while using the average 
constant value compared with actual spatially distributed seismic driven 
properties. The maximum seafloor upliftment estimated is 7 cm in M-1, 
while M-3 assessed 14 cm (Fig. 12). A similar trend is also observed in 
caprock deformation scenarios (i.e., 8 cm and 15 cm in M-1 and M-3, 
respectively). However, both models (M-1 & M-3) show smooth defor-
mation in seafloor and a patchy upliftment in the base caprock layer. 
Moreover, base caprock deformed slightly higher compared to the 

Fig. 9. The top reservoir layer shows the reservoir pressure changes in different time steps. Reservoir pressure increase confined between Øygarden Fault Complex 
(ØFC) and Vette Fault (VF). Note that there are no pressure changes west of VF. 
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Fig. 10. Vertical displacement in various time steps is estimated in M-1. Seafloor gradually uplifted due to CO2 injection-related reservoir pressure increase.  

Fig. 11. Estimated vertical displacement of the base layer of caprock in various time steps in M-1. Significant upliftment (~8 cm) is observed just above the 
reservoir zone. 

M.J. Rahman et al.                                                                                                                                                                                                                             



Journal of Natural Gas Science and Engineering 99 (2022) 104453

10

seafloor upliftment. 
Similar spatial differences are also observed in the 3-dimensional 

cross-section of the model M-1 and M-3 (Fig. 13). The cross-section 
plane shown is in the middle of the model, where the wells (i.e., 32/4- 
1 and 31/2-1) are displayed for reference. The overburden structural 
variations are clearly visible, where M-1 followed the actual structural 
setup (3D seismic interpreted), and in M-3 overburden section is divided 
into three horizontal layers. The average overburden property model 
(M-3) significantly changes the vertical upliftment within caprock and 
overburden sections and influences the upper part of the reservoir 
(Fig. 13b). 

The differences between M-1 and M-3 are also observed in Mohr- 
Coulomb failure envelopes. The failure diagrams illustrated in Fig. 14 
are located in the middle of the studied grid (i:j; 50:53) where over-
burden (Fig. 14a&b), caprock (Fig. 14c&d), and reservoir rocks (Fig. 14e 
and f) are compared. All the stress circles are at the compressive side and 
below the failure envelope except the M-3 reservoir zone, which indi-
cated that the rock is in shear form with less possibility of matrix 
deformation. However, in all the scenarios, the chance of shear failure is 
higher in M-3 compared to M-1. The stress circles are moved to the left 
due to CO2 injection within the reservoir. However, in model 3, the t5 
scenario touches the rock compressive strength, which is usually equal 
to the mean value of maximum principal stress (Ahmed and Al-Jawad, 
2020). 

5.3.2. M-2 versus M-3 versus M-4 
Although there is a significant difference observed between M-1 and 

M-3, the effect of different overburden constant values (Table 2) on 3D 
model simulation is trivial. The difference between the models in time 
steps t1 and t5 is illustrated in Fig. 15. Due to CO2 injection, the reservoir 
pressure increases, resulting in a seafloor heave, but that is insignificant. 
Moreover, the surface deformation trends in all models are similar. 

Fig. 12. Vertical displacement of the seafloor and base caprock layers at t5 time step shows the comparison between M-1 and M-3.  

Fig. 13. The difference of vertical displacement between M-1 (a) and M-3 (b) 
are illustrated three-dimensionally. M-3 model shows significantly higher 
upliftment compared to M-1. 
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6. Discussion 

The geomechanical modeling approach applied in this study shows 
the practicality. Although the spatially variable overburden properties 
gridded model (M-1) has a higher number of active cells, the compu-
tational time required is not abnormally high (qualitatively, the model 
required 4 times higher time than the constant properties models). This 
research also reveals that the seismic inverted properties can be 
improved to the traditional modeling approach where well data prop-
erties are interpolated using different algorithms. Moreover, where the 
well database is limited, the range of uncertainties are significantly high 
in 3D space. In this scenario, a seismic-driven approach could be a so-
lution introduced in this study. However, for seismic driven properties 
modeling workflow explained in this research is dependent on the 
availability of 3D seismic cube. Moreover, 3D field-scale geomechanical 
modeling is critical to evaluate injection-related induced mechanical 
risks in any injection site. Furthermore, this approach allows us to 
incorporate the complex structural setup. 

The fluid simulated reservoir pressure used in this study has a total 
pore volume model. The base case Gassnova (2012) model included the 

whole Vette-Øygarden fault block, while the model used in this study 
covers one-fourth of surface area compared with the Gassnova model. 
However, the injected reservoir rocks layers are the same; hence, 
assumed to have similar reservoir quality (i.e., Poro-perm). Although the 
model area is significantly small in this study, there is no effect on this 
study’s main purpose (i.e., overburden sensitivity). This also indicates 
the urgency of having a coupled fluid flow – mechanical modeling 
approach, where we have full control and the ability to evaluate the 
stress-dependent poro-perm changes. 

6.1. Effect of overburden properties on rock deformation 

Constant overburden model properties might introduce misinter-
pretation in rock deformation, which leads to poor decisions during site 
specification. Different overburden rock units have a significant varia-
tion in mechanical properties (Fig. 7). A significant difference in vertical 
rock deformation is also observed (Figs. 12–14). The stress differences 
between the overburden formations in M-1 have also illustrated the ef-
fect of initial mechanical rock properties. Fig. 16 represents the varia-
tion of the Mohr-Coulomb failure envelope between different layers 

Fig. 14. Mohr-Coulomb diagram of location in the middle of the model (I,j; 50, 53) shows the comparison between the model M-1 and M-3 within overburden (a, b), 
caprock (c, d), and reservoir (e, f) zones. M-3 represents significantly higher chances of failure compared to M-1. Also, note that both horizontal and vertical scales 
have differences. 
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while horizontal location (i & j) remains the same (50 & 53). The Lista 
Formation shows significantly higher failure possibility (both shear and 
tensile) compared to the above Sele Formation and below Shetland 
Group layers. This indicates the importance of using the right 

overburden properties in geomechanical modeling work. Simplication 
of model properties might be an over-or underestimation of the rock 
failure, which leads to a significant issue during real injection scenarios. 

Fig. 15. Seafloor heave in t1 and t5 time steps shows the comparison between minimum, average, and maximum constant overburden properties.  

Fig. 16. The variation of failure mode within overburden rocks in M-1 illustrated the Mohr-Coulomb plot of the base layer of Sele Formation (a), the top layer of Lista 
Formation. (b), base Lista Formation. (c) and top Shetland Group. (d). Please note that both horizontal and vertical scales have differences. 
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6.2. Implication in CCS 

The rock deformation due to reservoir pressure change is critical in 
the subsurface CO2 storage project. The quantitative assessment of 
vertical displacement of rocks reveals the failure potential of the cap and 
overburden rock which determined the seal effectiveness in any injec-
tion site. In addition, the mechanical failure threshold of caprock and 
overburden makes the site non-reliable because of caprock and fault 
failure. Therefore, vertical rock displacement plays a vital role in 
decision-making for any injection site evaluation. 

The significant influence of caprock properties on rock displacement 
becomes crucial because the traditional way of including simplified 
overburden properties in the geomechanical model might lead to inac-
curate estimation of the potential of storage and injectivity of any site. 
The estimate of optimal capacity and injectivity before any failure of any 
CO2 injection site is crucial because it defines the safe storage potential 
of that site. However, to evaluate the total safe storage reservoir ca-
pacity, a fluid simulation model needs to couple with the geomechanical 
model called a two-way coupling model. This study, however, assessed 
only the stress-strain geomechanical deformations in a specific injection 
rate and injection time. Although this study cannot estimate the total 
safe storage capacity and injectivity based on the analysis, the 
comparative investigation suggested a significant overestimation of 
potential geomechanical risks might be estimated based on the tradi-
tional simple overburden properties model. In this way, we might lose 
half of our safe storage capacity, which might influence the project de-
cision considerably. 

Moreover, this approximate estimation might influence the man-
agement to declare the injection site non-economical. Additionally, 
seafloor installation (i.e., wellhead) might be at risk due to over- 
estimation of seafloor heave, resulting in a possible instability risk 
that might influence the site-specific decision-making. Although we did 
not perform the maximum displacement analysis, our rock can hold 
before failure in this study, 100% increase in seafloor upliftment in M-3 
indicated the importance of adding spatially distributed overburden 
properties in the geomechanical modeling (M-1) approach. However, 
despite the importance of overburden uncertainties in decision-making, 
the attempt to quantify overburden uncertainties in decision-making has 
been discounted in CCS management, especially for geomechanics 
consideration. 

7. Conclusions 

The seismic data-driven 3D field-scale geomechanical model work-
flow shows the value while evaluating the mechanical risks in any CO2 
injection sites. This study proved the efficiency and practicality of such a 
model. The key findings are as follows: 

⁃ The effect of overburden properties on rock deformation is signifi-
cant. For instance, the simplified average constant overburden 
properties doubled the seafloor uplift compared to the model using 
the seismic inverted spatially variable properties. Moreover, the 
Mohr-Coulomb failure envelopes of overburden rocks indicated the 
importance of spatial overburden properties within the geo-
mechanical modeling workflow.  

⁃ Vertical rock deformation increases with time in both seafloor and 
interface between the reservoir and caprock. However, the vertical 
uplift is slightly higher in the reservoir-caprock interface compared 
to the seafloor.  

⁃ Although the induced pressure increase in each time steps used a 
constant change, the rock deformation spatially varied due to the 
variation in mechanical properties. 

⁃ The simplified assumption of overburden properties in the geo-
mechanical model effect the CO2 storage project significantly by 
influencing the capacity and injectivity of any site. 

The field-scale 3D geomechanical model workflow proposed in this 
study is effective and time-efficient to simulate the one-way coupling. 
However, a two-way coupling with reservoir simulation will reveal the 
pore volume changes within the reservoir. Therefore, two-way partial or 
fully coupling methods will be the future study. 
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Abstract: Injection-induced rock mechanical failure risks are critical in CO2 sequestration, and
thus there is a need to evaluate these occurrences to ensure safe and reliable subsurface storage.
A stress–strain-based numerical simulation can reveal the potential mechanical risks of any CO2

sites. This study investigated the hydromechanical effect on geomechanical failure due to injection-
induced stress and pore pressure changes in the prospective CO2 storage site Smeaheia, offshore
Norway. An inverted-seismic-property-driven 3D field-scale geomechanical model was carried out
in the Smeaheia area to evaluate the rock failure and deformation risks in various pressure-build-up
scenarios. A one-way coupling between the before- and after-injection pressure scenarios of nine
different models has been iterated using the finite element method. The effect of the sensitivity of total
pore volume and pore compressibility on rock mechanical deformation is also evaluated. Although
various models illustrated comparative variability on failure potential, no model predicted caprock
failure or fracture based on the Mohr–Coulomb failure envelope. Moreover, the lateral mechanical
failure variation among different locations indicated the possibility to identify a safer injection point
with less chances of leakage. In addition, the pore volume and pore compressibility significantly
influence the mechanical behavior of the reservoir and caprock rocks. Although this analysis could
predict better injection locations based on geomechanical behavior, a fluid simulation model needs to
be simulated for assessing lateral and vertical plume migration before making an injection decision.

Keywords: Smeaheia; 3D geomechanical model; caprock; finite element method; tensile failure

1. Introduction

The subsurface state of stress defines the reliability of a field or basin and depends
on the structure of the subsurface (geometry of layers, fault location, orientation, etc.), the
spatial distribution of rock properties (strength and elastic properties), and the far-field
stresses (pore pressure and tectonic stresses) [1]. A geomechanical model is a numerical rep-
resentation of the state of stress and rock mechanical properties where all the components
are included and assessed dynamically. As the geological sequestration of anthropogenic
CO2 changes the subsurface state of stress by injecting CO2 into the saline aquifers or
depleted reservoirs, a field-scale geomechanical assessment is crucial for safe, reliable, and
permanent subsurface CO2 storage. Changes in the state of stress might influence the rocks’
(i.e., reservoir, cap, and overburden) mechanical behavior. There might be several potential
geomechanical consequences such as top-seal and overburden flexure, reactivation of exist-
ing faults, pressure-induced share failure or fracture, formation of new faults, changes in
porosity/permeability within the reservoir, etc. [2–8]. Therefore, a thorough geomechanical
assessment is critical to evaluate CO2 storage sites.

The studied injection site, the Smeaheia area in the Horda Platform (HP), northern
North Sea, is one of the potential subsurface CO2 storage sites. It is bounded by two
regional N-S trending faults: the Vette fault in the west and the Øygarden fault complex
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in the east (Figure 1a). Two structural closures named Alpha (32/4-1) and Beta (32/2-1)
are located in the Smeaheia area, where both structures are three-way closures against
the Vette and Øygarden faults, respectively. The area is positioned east of the giant Troll
east gas field and has the same reservoir–caprock pairs. The main reservoirs consist of
Upper to Middle Jurassic Sognefjord, Fensfjord, and Krossfjord formation sandstones with
good to moderate reservoir quality [9–11] and were deposited in a shallow coastal marine
environment, interfingering with Heather Formation shales (Figure 1b). The primary
caprock of the studied area also consists of Upper Jurassic shale formations such as organic-
rich Draupne and Heather formation shales. Both formations are deposited in an open
marine environment with restricted bottom circulation and often anaerobic conditions [12].
A thick westward-dipping overburden rock package is also present, mainly consisting of
fine- to coarse-grained siliciclastic with occasional carbonate-rich deposits [13].

Effective vertical stress-dependent mechanical compaction deformed the rocks by
frictional slippage, rotation, sliding, and reorientation of grains [14,15], which can be
obtained by subtracting pore pressure from the total vertical stress. The total vertical stress
is carried out by the grain framework (solid phase) and the pore pressure (fluid phase).
Therefore, the effective vertical stress is only transmitted through the grain contacts and
deforms the rock. Injecting CO2 into the subsurface would increase the reservoir pore
pressure, which influences the normal stresses but not the shear stress because fluid is
unable to transfer shear properties. Therefore, the effective normal stress is directly related
to the total normal stress and pore pressure, which changes the state of stress and, hence,
mechanical properties [16]. Although the pore pressure changes are confined within the
reservoir due to the tensor characteristic of the stress, the induced stresses can transfer
and deform the overburden and underburden rock layers. To predict the injection-related
changes in CO2 storage, a 3D geomechanical model with spatially gridded overburden and
underburden layers is essential.

The tectonic stress regime and failure mechanisms also play a vital role during rock
deformation. The magnitude and order of the principal stresses vary from basin to basin
with a defined stress regime within that specific area. Three different stress regimes, such as
extensional (normal faulting), compressional (reverse faulting), and strike-slip (strike-slip
or wrench faulting), are considered, which is called Andersonic fault classification ([17,18];
Figure 2). The failure plane varies based on the stress regime condition. Moreover, the pore
pressure and stress coupling significantly change in different stress regimes. The Mohr
diagram shift due to pore pressure changes is affected substantially by the stress regime
(Figure 2).

A hydromechanical (HM) coupling can describe the geomechanical deformation due
to stress and pore pressure changes [19,20]. A fluid-saturated porous rock can be deformed
by changing the external load (i.e., overburden stress) or the internal pore fluid pressure
change (i.e., injection or production). This poromechanics behavior of a fluid-saturated rock
can be defined by introducing a numerical simulated geomechanical modeling approach
where the mechanical and hydraulic processes affect each other through changing the
material properties. However, building a geomechanical model requires the integration of
various parameters. For instance, the caprock and overburden section are mostly ignored
during the acquisition of relevant databases compared to the reservoir interval and use
simple assumptions in the modeling workflow [21–30]. Irrespective of the data limitation,
the effectiveness of 3D field-scale geomechanical modeling in rock deformation and failure
has been proven and published by several authors for CO2 injection and gas storage projects
worldwide [21,22,24–29]. However, the conventional 1D well property-point-interpolation
method and a simple assumption in the missing interval (mainly caprock and overburden
sections) have been considered in most of the models. The interpolation method increases
the spatial properties’ distribution uncertainty significantly if limited wells are present.
Moreover, a simple assumption is missing the anisotropic behavior of the properties.
Seismic-data-driven models can resolve the spatial anisotropic issue; however, to date,
they have only focused on the reservoir and caprock intervals [3,31]. Considering these
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issues, Rahman et al. [32] proposed the seismic-inverted-property-driven 3D field-scale
geomechanical model workflow, where an integrated approach has been introduced. This
study is the continuation of that modeling work, in which the field-scale geomechanical
failure risks for the Smeaheia area in offshore Norway have been assessed to evaluate
the mechanical behavior of rocks during CO2 injection into the sandstone reservoirs of
Sognefjord, Fensfjord, and Krossfjord formations.
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Figure 1. The map of the study area represents the model boundary (red polygon) and the bounding
faults (ØFC—Øygarden fault complex; VF—Vette fault) with the studied locations such as 32/4-1,
32/2-1, and Mid-Model (a). The area is located east of the Troll east field, which is bounded by VF and
TF (Tusse fault). A few minor faults (gray lines) are also illustrated. (b) A generalized stratigraphic
succession of Horda Platform from Lower Jurassic to Quaternary is presented where the overburden,
caprock, reservoir, and underburden sections are also marked (modified after [32]).

Seismic-property-driven field-scale geomechanical modeling was analyzed to investi-
gate the CO2-injection-induced failure potential and rock deformation in the Smeaheia area.
The main objective was to evaluate the sensitivity of rock compressibility and the pore
volume effect on the reservoir and caprock failure potential in Alpha (32/4-1), Beta (32/2-1),
and Mid-Model (i:j—50:50) locations (Figure 1a). Moreover, the total vertical displacement
of the reservoir and caprocks was also estimated and analyzed. Finally, a comparative
assessment between the different injection points as well as worst-case and best-case injec-
tion scenarios in the Smeaheia site area is discussed. The credibility and practicality of the
seismic-property-based modeling approach was tested by Rahman et al. [32]; hence, it is
directly used in this research.
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Figure 2. Shows the magnitude and order of principal stresses and the corresponding Mohr–Coulomb
diagram effect of pore pressure changes on extensional stress (a,b), compressional stress (c,d), and
strike-slip (e,f) regimes (modified after Altmann, [18]).

2. Model Setup

A detailed description of the model-building processes was presented in Rahman et al. [32];
the model with spatially distributed overburden properties was adapted for this study. The
overburden rock properties have considerable variation, which influences the mechanical
rock failure potential; hence, the model considered both spatial and temporal variations of
overburden properties. The model properties (overburden, cap, reservoir, and underburden
rocks) were estimated from the prestacked simultaneous inversion using a 3D seismic
survey named GN1101 [33]. The properties of 3D cubes allowed us to have better vertical
and horizontal control of rock properties than the conventional wireline log-based property-
interpolation techniques. However, we needed a proper calibration of these property cubes
before using them in the reservoir models. Fourteen (14) seismic interpreted time surfaces
(i.e., top Nordland GP., top Rogaland GP., top Lista Fm., top Shetland GP., top Svarte Fm.,
top Rødby Fm., top Asgård Fm., top Draupne Fm., top Sognefjord Fm., top Heather Fm.,
top Fensfjord Fm., top Krossfjord Fm., top Dunlin GP. and top Statfjord GP.) were used to
build the structural grid. Faults were considered during interpretation but not included in
the grid as a separate element. The 3D properties were later distributed within the reservoir
grid using the seismic resampling function in the Petrel-2019 geometrical modeling module.
However, each of reservoir grids had a unique value estimated from the seismic cube.
The average properties of each layer have been given in Table 1 for better clarity. The
reservoir model with properties was then converted from time domain to depth domain
using the velocity model constructed from the average velocity cube, which was estimated
from the 3D stacking velocity. To mitigate the boundary effects and buckling artifacts over
the zone of interest (i.e., reservoir model area), the reservoir grid was expanded laterally
and vertically to a certain extent. The hydrostatic gradient was used for the initial pore
pressure during the boundary condition, while the lithostatic gradient was considered
for the vertical stress profile. A normal faulting stress regime was assigned to the study
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area. [34–37]. The minimum horizontal stress gradient used was 0.1245 MPa/m, which
was estimated from the X-LOT database from the study area [24]. Moreover, the maximum
horizontal stress was assumed to be 10% higher than the minimum horizontal stress. In
addition, the horizontal stress azimuth was used as 1030 based on the seismicity database
near the Troll field area [34]. The overall workflow for seismic properties based on one-way
coupling is illustrated in Figure 3. The model used finite element method-based numerical
simulation to evaluate the injection-induced geomechanical risks.

Table 1. Average properties of the model grids show the variations among different model zones.

Zones Density
(g/cm3) E (GPa) PR FA (0) UCS (Mpa)

Nordaland Gp. 2.14 0.4 0.45 24.51 5.03
Rogaland Gp. 2.18 1.23 0.39 26.96 9.41

Lista Fm. 2.31 2.57 0.35 26.19 16.46
Shetland Gp. 2.24 1.44 0.39 26.19 10.35

Svarte Fm. 2.27 2.03 0.36 26.46 14.01
Rødby Fm. 2.27 1.59 0.38 25.93 11.01
Asgård Fm. 2.25 1.44 0.39 25.20 10.04

Draupne Fm. 2.31 2.15 0.37 25.43 13.96
Sognefjord Fm. 2.23 2.63 0.34 27.97 16.80

Heather Fm. 2.25 2.95 0.33 27.97 17.99
Fensfjord Fm. 2.28 3.46 0.32 28.22 21.03
Krossfjord Fm. 2.34 3.95 0.31 27.44 23.40

Dunlin Gp. 2.44 4.48 0.3 26.78 24.95

The fluid simulation model was out of the scope of this study; however, the pressure
build-up due to 50 years of CO2 injection was directly adapted from the study performed by
Gassnova [38]. Based on the Gassnova [38] model, nine different scenarios were simulated
and analyzed (Table 2). The reservoir simulation model was built based on the geological
structures with an injection rate of 3.2 million tonnes per year for a period of 50 years. The
average porosity within the reservoir interval is 0.26, while the permeability is 690 mD
(milidarcy), and the Kv/Kh ratio is equal to 0.1. Moreover, the solubility of CO2 in water
was not considered because a study on the sensitivity of solubility revealed a minor effect
on the fluid simulation model [38]. Although the amount of total injected CO2 was the same
within the studied model, based on the different pore volumes and pore compressibility,
the pressure increase within the reservoir significantly varied (Table 2). Gassnova [38] was
defined the total pore volume based on the different criteria. For instance, the low case
volume (51 GSm3) was estimated based on the boundary to the south as defined by the data
available within the Øygarden–Vette fault block, while the southern limit of the sandstones
defined the base volume (160 GSm3). The next western fault block (Vette–Tusse) was also
considered for the two high cases, High1 (297 GSm3) and High2 (418 GSm3), where the
High1 was considered up to the southern limit of the Troll east field, and High2 included
all the pore volumes within these two fault blocks. Moreover, the pore volume (rock)
compressibility in the Smeaheia area was not defined because of the lack of laboratory
experiments. Therefore, Gassnova [38] tried three different models based on the pore
compressibility database from SINTEF. The reference case value (4.0 × 10−5 bar−1) was
adapted from the Johansen study (Aurora) with a good match in the Smeaheia study (i.e.,
according to Hall’s correlation), while one optimistic (1.6 × 10−4 bar−1) and one pessimistic
(1.6 × 10−6 bar−1) case were also simulated. Out of these ten (10) models, nine pressure-
build-up-at-the-well-location scenarios were adopted in this study except High2. Although
injection-induced pore pressure increases varied spatially (decreases away from the well),
we considered a constant reservoir pore pressure increase during geomechanical simulation
due to model limitation.
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Figure 3. The workflow illustrated the different components of one-way coupling geomechanical
model to evaluate the pressure-induced stress and strain change of the studied rocks (adapted from
Rahman et al. [32]).

Out of these nine models, three cases were selected for detail analysis where the
worst-case (orange) scenario is presented by the ‘Pessimistic-Low’ scenario, the base case
(gray) was combined by the base total pore volume and reference rock compressibility,
and the best case (green) was defined by high pore volume with optimistic compressibility
(Table 2). The geomechanical failure of these three models (i.e., worst, base, and best cases)
are presented in the Results section for comparative analysis. Moreover, three locations,
namely Alpha (32/4-1), Beta (32/2-1), and the middle of the model (Mid-Model), were
considered for mechanical assessment to find a better location for the optimum injection
point (Figure 1a).

Table 2. Pressure increase from hydrostatic in well location after 50 years of injection of 3.2 million
tonnes per year (adapted from [38]). The studied worst (orange), base (gray), and best (green) cases
are highlighted by different colors.

Rock
Compressibility

Total Pore Volume

Low Base High
Pessimistic 1.94 1.31 1.19
Reference 1.58 1.20 1.12
Optimistic 1.31 1.12 1.07

The pressure build-up (times) is relative to the initial hydrostatic pressure.

3. Pore Pressure and Effective Stress

Effective stress depends on the in situ stresses and pore pressure. The CO2-injection-
induced pore pressure changes change the effective stresses within the reservoirs, which
influence the reservoir and the overburden rocks due to the tensor behavior of the stress.
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This study used the hydrostatic pore pressure gradient as the initial reservoir pressure
(Figure 4a). The in situ pore pressure decreases from west to east due to the structural
dipping (reservoirs dipping towards the west). Moreover, the hanging wall side of the
Vette fault (VF) shows comparatively high pore pressure because of depth. However, the
Troll east gas field is located within this fault block (Tusse–Vette fault block) and has been
in production for several years from the same reservoirs, so one can expect a depleted
pore pressure. However, the previous analyses [35,36,39] indicated sealed VF in the study
area, so we assumed a hydrostatic gradient in the VF footwall block. Moreover, this study
focused on the Smeaheia fault block; hence, it did not adjust the depleted pore pressure on
the west side of the VF. Therefore, the hanging wall side (west of the Vette Fault) was not
included in any analysis but was retained as the grid considered the complete area of the
studied 3D cube (GN1101).
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Figure 4. 3D illustration of reservoir grids shows the initial hydrostatic pore pressure (a) after-injection
pressure and corresponding vertical effective stress in the worst-case model (b,c), the base-case model
(d,e), and the best-case model (f,g), respectively. The locations and Vette fault (VF) are shown for
reference. Moreover, the green arrow indicated the north direction of the model. Additionally,
note that the color scales demonstrate differences between the after-injection pressure and effective
vertical stresses.
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The CO2-injection-induced reservoir pressure increase in worst-, base-, and best-
case models is illustrated in Figure 4b,d,f, where the worst-case scenario represents a
significantly high reservoir pressure increase (~72 bar) compared to base- (~15 bar) and best-
case (~6 bar) models. The corresponding vertical effective stresses are also demonstrated
in Figure 4c,e,g. The highest reservoir pressure increase model (i.e., worst-case) showed
the lowest vertical effective stress and vice versa. The worst case indicated an effective
vertical stress of 96 bar, while the base and best cases showed average stresses of 152 and
161 bar, respectively.

4. Results
4.1. Reservoir and Caprock Assessment

The potential geomechanical risks such as failure and deformation were assessed for
different rock compressibilities and pore volume scenarios. Four different vertical layers
within the studied reservoir (Top Sognefjord and Fensfjord) and caprock (Top and base
caprock) were analyzed.

4.1.1. Failure Potential in Different Locations

• Alpha location (well 32/4-1)

Based on the Mohr–Coulomb failure criteria, the model grid penetrated by the well
32/4-1 was evaluated for potential injection-induced failure. All the models showed a
similar trend with various intensities; hence, three (i.e., worst-, base-, and best-case models)
out of nine models’ results are presented here. The potential failure of these models is
illustrated in Figure 5. Based on the rock strength and stress-state condition, no caprock
failure or fractures were observed in any of the models (Figure 5a,d,g). However, the
mobilized shear stress/strength significantly increased at the base of the caprock, which
represents the Heather Formation shale (Figure 5b,e,h). The Mohr circles were closer to the
Coulomb failure envelope at the base (Heather) compared to the top caprock (Draupne).

Moreover, after 50 years of CO2 injection, the shear stress/strength increase was
negligible within the caprock except for the Heather Formation in the worst-case model,
where the Mohr circle shifted to the left, close to the tensile failure line. In the other two
models, the caprock Mohr circle was juxtaposed in before- and after-injection scenarios.
This indicates a minimal CO2-injection-induced effect on caprock failure.

On the contrary, the injection-induced reservoir pressure change considerably in-
creased the possibility of tensile fractures within the reservoir (Figure 5c,d,f). There was no
fracture observed in the in situ stress-state condition based on the Coulomb failure criteria.
However, the worst-case model illustrated significant tensile fracture risks in after-injection
scenarios, which decreased in base- and best-case models.

• Beta (well 32/2-1) and Mid-Model locations

The Beta location (32/2-1) is structurally shallower compared to Alpha (32/4-1), while
the Mid-Model location is deeper than Alpha. For instance, the top reservoir TVD at
Beta is 889 m, while the Mid-Model top reservoir depth is 1359 m compared to the top
reservoir of Alpha, which is 1250 m. Therefore, lower in situ stresses and initial pore
pressure was expected in the Beta location, and higher value were expected in the Mid-
Model, considering the same gradient was used in all the models. Moreover, as the
injection-induced reservoir pressure change was directly estimated from the initial pore
pressure, the pore pressure change also varied spatially (Figure 4). Furthermore, the elastic
properties differed both laterally and vertically, which might have had an influence on the
numerical simulations.
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Figure 5. The Mohr–Coulomb failure envelope in Alpha location illustrated the failure potential
before- and after-injection periods of top caprock layer (Draupne), base caprock layer (Heather) and
top reservoir (Sognefjord) for worst-case model (a–c), base-case model (d–f), and best-case model
(g–i), respectively. The dark blue represents the in situ stress state, while the light-blue curve indicates
after-injection scenario.

Similar to the Alpha location, there was no caprock failure or fractures observed in
either the Beta or Mid-Model locations. However, the shear strength was comparatively
high in the Beta structure in contrast with the Mid-Model location. The Mohr–Coulomb
failure of the reservoir rock significantly differed in Beta and Mid-Model locations compared
to the Alpha location. Although the worst-case models had a tensile failure risk, such as in
the Alpha location, the base- and best-case models did not demonstrate any tensile failure
(Figure 6). Moreover, based on the tensile failure cut-off (1 bar), the in situ stress-state
condition, the failure risk was significantly lower in both Beta and Mid-Model locations
than in the Alpha structure. In addition, irrespective of in situ stresses and pore pressure
variation between Beta and Mid-Model locations, the reservoir rock strength illustrated a
similar trend (i.e., tensile failure in the worst case and no failure in base and best cases),
though the Mid-Model case showed slightly lower strength.
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Figure 6. The Mohr–Coulomb failure envelopes of the top reservoir (Sognefjord) are illustrated, along
with the failure potential before and after injection periods in Beta (32/2-1) and Mid-Model locations
for the worst case (a,b), base case (c,d), and best case (e,f), respectively. The dark blue represents the
in situ stress state, while the light-blue curve indicates after-injection scenario.

4.2. Effect of Pore-Volume-Induced Pressure Build-Up

The effect of pore volume sensitivity on rock deformation and failure was analyzed
by comparing the three pore volume models (i.e., low, base, and high) in a reference case
for rock compressibility (Table 2). The vertical rock displacement of the top Draupne and
top Sognefjord formations is illustrated in Figure 8. The same color scale was used for all
the model cases for a better visual comparison. It is evident that the pore volume change
significantly influenced vertical rock displacement. The low pore volume model estimated
a maximum displacement of 74 cm, while the high-pore-volume case indicated only a
15 cm maximum uplift. The intermediate base-case model showed a 26 cm uplift.
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Comparing the same models in the Mohr–Coulomb failure envelope, the shear
stress/strength decreased with increasing pore volume (Figure 9). Although the pore
pressure change influenced rock failure or fracture, the changes were minimal considering
the studied failure envelope. Therefore, no caprock failure was observed in any case. On
the contrary, injection-induced pressure change shifted the Mohr circle in the left direction
with tensile failure considering the tensile cut-off of 1 bar. Irrespective of total-pore-volume-
induced pressure build-up, after-injection tensile failure within the reservoir was observed
in all three cases. However, the strain rate decreased with increasing pore volume. The
above Mohr–Coulomb failure analysis was based on the Alpha location. However, interpre-
tation changes in different studied locations (i.e., Beta and Mid-Model) followed a similar
trend as described above in location-based comparative analysis.

4.3. Effect of Rock-Compressibility-Induced Pressure Build-Up

The pore compressibility sensitivity was also evaluated by analyzing the pessimistic,
reference, and optimistic rock compressibility models, where base case pore volume was
used for all three models (Table 2). Similar to the pore volume study, the same color scale
was used for visual comparison to show the vertical deformation (Figure 10). The vertical
displacement of the caprock and reservoir decreased with increasing pore compressibility
values (i.e., optimistic case). However, the maximum uplift difference was not as significant
as the pore volume effect, but considerably high, as the pessimistic model estimated a
40 cm uplift compared to 15 cm in the optimistic case. The reference model’s maximum
upliftment was 26 cm.

Moreover, the Mohr–Coulomb failure envelope revealed that the rock shear stress/strength
decreased with increasing pore compressibility; however, the changes were negligible
(Figure 11). There was no caprock failure observed, while reservoir tensile failure was
determined to potentially occur after injection-induced pressure changes.

4.3.1. Rock Deformation

The vertical rock deformations of top Draupne, top Sognefjord, and top Fensfjord
formations are illustrated in Figure 7. The different color scales were used for different
models because of the significant differences in the total vertical deformation. The positive
deformation indicates upliftment, while the negative value represents subsidence. The
studied models indicated overall upliftment due to CO2-injection-caused pressure changes
in the study area. The upliftment between the formation followed a similar pattern in all
three models, where the Draupne and Sognefjord formations were uplifted significantly
higher compared to the Fensfjord Formation. Lateral upliftment variation was also ob-
served, but the intensity was minimal. However, a significant difference was estimated
when comparing the vertical upliftment among the models (i.e., worst, base, and best cases).
As expected, high upliftment was observed in the worst-case scenario with the maximum
value of 120 cm, while maximum upliftment in the base case was 26 cm and 9 cm in the
best-case model.
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Figure 7. Estimated vertical displacements of the top Draupne, top Sognefjord, and top Fensfjord
after injection period show the upliftment for the worst-case model (a–c), base-case model (d–f), and
best-case model (g–i), respectively. Note that the color bar varied significantly among models. The
Alpha, Beta, and Mid-Model locations are also indicated on the maps for reference. Moreover, the
green arrow indicated the north direction of the model.
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Figure 8. A comparison of vertical displacement of the top Draupne and top Sognefjord after injection
period shows the upliftment for model RL (a,b), model RB (c,d), and model RH (e,f), respectively.
The Alpha, Beta, and Mid-Model locations are indicated on the maps for reference. Moreover, the
green arrow indicated the north direction of the model.
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Figure 9. The Mohr–Coulomb failure envelope of top Draupne and top Sognefjord layers in Alpha
location illustrated the failure potential of model RL (a,b), model RB (c,d), and model RH (e,f),
respectively. Note that the dark blue represents the in situ stress state, while the light-blue curve
indicates the post-injection scenario.
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5. Discussions

Although there are many uncertainties about the magnitude and order of principal
stresses, this study attempted to evaluate the mechanical rock failure and deformation in
the Smeaheia area using the available database. However, although the principal stresses
significantly influenced the overall field-scale mechanical risks, there was no failure or
fracture risk observed within the caprock and reservoir under the initial stress condition.
When the injection-induced reservoir pressure increases were introduced within the models,
a significant variation was observed among studied model scenarios (i.e., worst, base, and
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best cases) and among the various model locations (i.e., Alpha, Beta, and Mid-Model).
The differences observed within the various cases were constrained by the pore pressure
build-up within the reservoir because the same elastic properties’ geomechanical grid
had been used for all the models. However, the variation in Alpha, Beta, and Mid-Model
locations within the same model illustrated the spatial variation in the seismic-driven elastic
properties. This explains the lower failure risk in the Mid-Model location compared to the
Alpha location, though the Mid-Model location is structurally deeper. In the Beta location,
these could be a combination of low initial stresses and elastic properties as the Beta location
is structurally shallower than both Alpha and Mid-Model locations. Mechanical properties
such as cohesion varied among the studied locations. For instance, the Alpha location
had a 52-bar cohesion within the top Sognefjord layer compared with 40 and 48 bar in
Beta and Mid-Model locations, respectively. Therefore, the Coulomb failure envelope
changes various shear failures within the locations. Moreover, due to the difference in
effective stresses, the Mohr circle position relative to tensile failure cut-off in in situ and
after-injection scenarios were varied and influenced the tensile failure risks.

Although the rock failure risks decreased from the worst-case to best-case model,
no caprock failure or fracture risks were observed based on the Mohr–Coulomb failure
envelope in any case. However, the base caprock layer, equivalent to the Heather Forma-
tion shale, poses higher failure risks than the organic-rich upper Draupne caprock shale
(Figures 5 and 6). The Heather Formation shale is more brittle than the Draupne shale [40],
which explains the higher mechanical failure risk in the base caprock layer. Moreover, the
base layer might have more influence due to the reservoir interval below.

The possibility of tensile fracturing within the reservoir in the worst-case scenario after
injection was observed in all three locations (i.e., Alpha, Beta, and Mid-Model). However,
in base- and best-case models, the reservoir fracture might have only occured in the Alpha
location, while the Beta and Mid-Model locations did not have any potential failure risks.
The worst-case model represents a closed aquifer (i.e., confined low pore volume) system,
which significantly influences the storage efficiency. However, reservoirs commonly have
an open system at their margins with lateral and vertical single-phase flow, allowing waters
to escape without any detrimental effect on the storage integrity [41]. This indicates that the
worst-case scenario is a hypothetical case and does not exist. Nevertheless, we must keep
in mind that all the tensile failure risk assessments illustrated in this study are based on the
tensile stress cut-off of 1 bar. There was no sensitivity analysis performed in this research;
hence, the tensile failure results might vary depending on the tensile stress cut-off value.

The total pore volume and pore compressibility significantly influenced the pressure
build-up within the reservoir interval, considering the same volume of CO2 injected into the
aquifer (Table 2). This study reveals the influence on rock deformation and failure of these
different pressure build-up scenario models. As we used the same geomechanical grid
for all the models, the rock deformation and failure variations observed were due to the
pressure difference related to the pore volume and compressibility of the study area. The
total pore volume and compressibility significantly influenced the geomechanical behavior
of the studied rocks. The maximum vertical upliftment in the low-pore-volume scenario
was considerably high, even using the reference pore compressibility value (Figure 12).
However, the confined low pore volume is not common in nature [41]. Moreover, the
influence of pore compressibility was also high but not significant, like pore volume
(Figure 12). Pore compressibility is an important factor and depends on both rock and
pore fluid compressibilities. Therefore, this is a complex property and depends on a
combination of parameters such as mineralogy, porosity, type of fluid, etc. However, due to
the importance of rock compressibility in geomechanical behavior revealed in this study,
further investigation is needed, such as laboratory experiments on the well 32/4-1 (Alpha)
to reduce the pore volume compressibility uncertainty.



Energies 2022, 15, 1407 18 of 21

Energies 2022, 15, x FOR PEER REVIEW 18 of 21 
 

 

(Figure 12). Pore compressibility is an important factor and depends on both rock and 
pore fluid compressibilities. Therefore, this is a complex property and depends on a com-
bination of parameters such as mineralogy, porosity, type of fluid, etc. However, due to 
the importance of rock compressibility in geomechanical behavior revealed in this study, 
further investigation is needed, such as laboratory experiments on the well 32/4-1 (Alpha) 
to reduce the pore volume compressibility uncertainty. 

 
Figure 12. The bar chart illustrates the maximum vertical displacement estimated for different pres-
sure build-up scenarios in various total pore volume and pore compressibility models. 

Implication for Geological Storage of CO2 
One of the crucial parameters in subsurface CO2 storage is the evaluation of the safe 

volume of injected CO2. The safe volume of injection-induced pressure build-up describes 
the amount of CO2 injection before any leakage happens. Moreover, the optimal injectivity 
(injection rate) played a vital role in a safe CO2 storage project. Estimation of optimal ca-
pacity and injectivity of any CO2 injection site is one of the criteria in storage site charac-
terization. A fluid simulation model, which was out of the scope of this work, can assist 
the studied geomechanical model by providing different pressure changes scenarios as an 
input. However, the studied scenarios can also reveal the acceptable amount of pressure 
build-up before any leakage happens. The base-case model we analyzed had a 25-bar res-
ervoir pressure increase. According to Gassnova [38], this is the acceptable amount of 
pressure build-up in the Smeaheia injection site compared to the base case. The pressure 
build-up in the worst- and best-case models were 117 bar and 9 bar, respectively. Alt-
hough Gassnova [38] suggested the base-case model is geomechanically not safe, the 
caprock failure risk in this study indicated no failure. However, the Vette Fault (for the 
Alpha structure) and the Øygarden Fault (for the Beta structure) sealing potentials were 
not investigated here, which may also be critical to assess the overall top seal integrity. 
The results from this study indicate the practicality of the proposed numerical simulation 
workflow to evaluate the geomechanical risks in any CO2 injection site. 

The CO2 injection point in any CCS project is also essential. The spatial variation of 
rock failure risks in the same model indicates the importance of having a potentially better 
location for injection. The failure risk assessment shows that the Beta and Mid-Model lo-
cations are safe compared to the Alpha structure. However, considering the Øygarden 
fault failure risk not addressed in this study, the better location would be the Mid-Model 
case (i:j—50:50). Nevertheless, the lateral and vertical plume migration and their effects 
must be evaluated using a fluid simulation model. 

Moreover, the fluid flow model needs to be integrated into the modeling workflow 
because the fluid flow model depicts the actual CO2-injection-induced pressure changes 

Figure 12. The bar chart illustrates the maximum vertical displacement estimated for different
pressure build-up scenarios in various total pore volume and pore compressibility models.

Implication for Geological Storage of CO2

One of the crucial parameters in subsurface CO2 storage is the evaluation of the
safe volume of injected CO2. The safe volume of injection-induced pressure build-up
describes the amount of CO2 injection before any leakage happens. Moreover, the optimal
injectivity (injection rate) played a vital role in a safe CO2 storage project. Estimation of
optimal capacity and injectivity of any CO2 injection site is one of the criteria in storage site
characterization. A fluid simulation model, which was out of the scope of this work, can
assist the studied geomechanical model by providing different pressure changes scenarios
as an input. However, the studied scenarios can also reveal the acceptable amount of
pressure build-up before any leakage happens. The base-case model we analyzed had
a 25-bar reservoir pressure increase. According to Gassnova [38], this is the acceptable
amount of pressure build-up in the Smeaheia injection site compared to the base case. The
pressure build-up in the worst- and best-case models were 117 bar and 9 bar, respectively.
Although Gassnova [38] suggested the base-case model is geomechanically not safe, the
caprock failure risk in this study indicated no failure. However, the Vette Fault (for the
Alpha structure) and the Øygarden Fault (for the Beta structure) sealing potentials were
not investigated here, which may also be critical to assess the overall top seal integrity.
The results from this study indicate the practicality of the proposed numerical simulation
workflow to evaluate the geomechanical risks in any CO2 injection site.

The CO2 injection point in any CCS project is also essential. The spatial variation
of rock failure risks in the same model indicates the importance of having a potentially
better location for injection. The failure risk assessment shows that the Beta and Mid-Model
locations are safe compared to the Alpha structure. However, considering the Øygarden
fault failure risk not addressed in this study, the better location would be the Mid-Model
case (i:j—50:50). Nevertheless, the lateral and vertical plume migration and their effects
must be evaluated using a fluid simulation model.

Moreover, the fluid flow model needs to be integrated into the modeling workflow
because the fluid flow model depicts the actual CO2-injection-induced pressure changes
within the reservoir. The pore pressure change varied laterally and vertically based on
pore connectivity, injection interval, and locations. Using a constant pressure increase
gradient within the whole reservoir (this study) limits the sensitivity analysis to estimate
any injection site’s optimum capacity and injectivity rate. Nevertheless, this is a future
opportunity where fluid flow integrated geomechanical modeling will be executed.
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6. Conclusions

The key findings from this study are stated below:

• The pore volume and pore compressibility significantly influenced the mechanical
rock failure and deformation. The low pore volume with reference compressibility
was estimated at ~74 cm vertical upliftment on the reservoir–caprock interval, while
the pessimistic compressibility model has a base pore volume calculated ~40 cm uplift.
Irrespective of considerable vertical upliftment, no caprock failure was observed in any
models. However, although there was no reservoir rock failure in in situ stress-state
conditions, tensile failure occurred after injection-induced pressure change scenarios.

• The Mohr–Coulomb failure risks varied within the studied locations. Based on the
assessment, the Alpha structure indicated low mobilized shear stress/strength com-
pared to the Beta and Mid-Model locations. However, a fluid simulation model should
be implemented to evaluate the plume migration for building confidence.

Assuming the base-case as the real injection scenario, the caprock might act as an
effective top seal. However, the fault sealing analysis should be carried out before any
injection decision.
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Abstract  

Upper Jurassic organic-rich shales' caprock properties in the Horda Platform area are crucial due to their importance as primary 
seals for the Middle Jurassic reservoir sandstones. The reservoir sandstones are Sognefjord, Fensfjord, and Krossfjord formations. 
These reservoir sandstones are overlain by the Upper Jurassic Draupne and Heather Formation Shales. Caprock failure due to 
injection-related pore pressure change is one of the critical risks for CO2 storage. The thick gas column in Troll East Field, located 
in the Horda Platform area, can consider an analog for a CO2 post-injection scenario in the area. Evaluating the caprock properties 
above the thick gas column in the Troll Field helps to understand the area's caprock integrity qualitatively. This study assesses 
Draupne and Heather Formation Shales' caprock properties using petrophysical and rock physical analyses. Four exploration wells 
from the Troll East area consider in this study where wells 31/3-1 and 31/6-1 have gas columns of approximately 224 and 222 m, 
respectively, and two other wells (31/3-3 and 31/6-3) are water wet. The exhumation correction suggests that Draupne and Heather 
Formations of four studied wells' maximum burial depth experienced only the mechanical compaction. Two rock physics templates, 
such as Vp versus density and Young’s modulus versus Poisson’s ratio, are used to evaluate the caprock behavior due to HC 
accumulation-related overpressure. The caprock shales in wells with gas column show a significantly soft nature compared to the 
shale in the dry well 31/3-3. However, a dry well (31/6-3) also shows remarkably low stiffness. The pressure changes due to the 
HC accumulation might change the pressure above the reservoir. The caprocks may behave more ductile due to the generation of 
non-connected micro-fractures. However, fracture connectivity might initiate the caprock's mechanical failure, which poses a 
significant risk in CO2 post-injection scenario. Moreover, a significantly thick caprock in well 31/6-3 may have influenced the 
caprock properties differently compared to the other dry well. The caprock mechanical behavior is complex and influenced by 
several factors. 

 
Keywords: Caprock properties characterization; CO2 storage risk; mechanical compaction; seal rock Ductility  

1. Introduction 

Characterization of caprock properties becomes crucial for safe CO2 storage into saline aquifers. Horda Platform 
(HP) is one of the areas in the Norwegian Continental Shelf (NCS), where several potential large-scale CO2 storage 
sites (i.e., Alpha, Beta, Longship, etc.) are under evaluation. This research characterizes the Upper Jurassic caprock 
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(i.e., Draupne and Heather formations) in the HP area, overlying the Middle Jurassic sandstones (i.e., Sognefjord, 
Fensfjord, and Krossfjord formations). The success of CO2 injection projects primarily depends on sealing 
effectiveness, mainly caprock integrity. There might be possibilities of shear failure or fracture in caprock shale during 
injection and post-operation, also generating micro-seismicity. These phenomena depend on the caprock mechanical 
behaviors (i.e., brittleness) and in-situ stress conditions. Therefore, careful investigations of caprock mechanical 
properties are necessary to evaluate any CO2 leakage risk.  

 
Caprock properties vary significantly because caprock shales deposited in a wide range of environments (i.e., 

floodplains, lakes, shorefaces, prodelta areas, abyssal plains, etc.), owing to different origin (i.e., weathering products, 
biogenic remains), and exposure to post-depositional processes (e.g., bioturbation, compaction, cementation, 
recrystallization, dissolution, organic maturation, etc.) [1]. These processes lead to significant changes in grain size 
distribution and mineralogy within the shale, which control the compaction (i.e., Mechanical and Chemical) after 
deposition. Mechanical compaction (MC) governs by the effective vertical stress, which is the difference between the 
total vertical stress and pore pressure [2]. If the pore pressure increases (due to HC accumulation in sandstone or fluid 
expulsion in shale), the overall vertical stress is reduced, resulting in less mechanical compaction. The rock properties 
change in the MC domain via frictional slippage, rotation, sliding [3], and reorientation [4] of the grains under 
perpetual vertical stress (i.e., in the extensional basin). However, MC's intensity is different in sandstones and shales. 
It depends on the geological parameters such as grain size, sorting, and fluid expulsion rate from the compacting 
sediments. For example, coarse grain shale (Kaolinite) compact readily compared to the fine-grained shale (Smectite), 
which compacts less due to the increase in fluid pressure because of low permeability [5-8]. 

 
  The mechanical behavior of caprock, often classified as brittleness or fracability [9-14], is a complex function of 

rock strength, lithology, texture, effective stress, temperature, fluid type [15-18], diagenesis, TOC [19], natural 
fractures and other planes of weakness [20, 21]. The effect of depth on brittleness can work in both directions because 
an increase in depth increases diagenesis, increasing brittleness, while the higher temperature and pressure augment 
the ductile behavior [9]. Moreover, the exhumation and overpressure make the whole process more complicated.  

 
The caprock shale geomechanical properties (i.e., Young’s modulus and Poisson’s ratio) can be evaluated using 

rock physics templates. Young’s modulus is a proxy for caprock stiffness, while Poisson’s ratio describes lateral 
expansion to axial contraction [22]. This study evaluated Draupne and Heather Formations' geomechanical properties' 
variation using rock physics templates in the Horda Platform area, northern North Sea. The focus is to assess the 
influence of reservoir pore pressure changes on caprock properties by petrophysical and rock physical analysis. 

2. Geology of the Horda Platform (HP) 

The study area experienced two main rifting events that occurred in the Permo-Triassic and the Upper Jurassic to 
Mid-Cretaceous times [23] and formed several N-S trending faults (i.e., Vette, Tusse, Svartarv, Troll, etc.) (Fig. 1). 
These faults are created in the 1st rifting event and reactivated during the 2nd event and are believed to be rooted in 
Caledonian zones of crustal weakness [23]. These faults also demarcate the structural elements and create 
compartmentalization within the Horda Platform (Fig. 1b). The 1st rifting event was centered below the Horda 
Platform, and thick syn-depositional wedges were deposited. However, during the 2nd event, major rifting took place, 
and the tilting shifted westward, while a weak stretching held on the Horda Platform itself [23-25]. The primary 
caprocks (Draupne and Heather formations) in HP were deposited during the 2nd rifting event with minimal tectonic 
influence because of the rifting's westward shift episode (Fig. 2a). 

 
The structural well correlations show the present-day depth difference of Draupne and Heather formations within 

the studied wells (Fig. 2c). Wells close to the footwall of the Tusse fault (i.e., 31/3-1 and 31/6-1) are shallower compare 
to the wells on the hanging wall (i.e., 31/3-3 and 31/6-3). Similarly, footwall wells 31/3-1 and 31/6-1 contain 
hydrocarbon columns with height 224 and 222 m, respectively, whereas the other two wells are dry. Caprocks (i.e., 
Draupne and Heather formation) thickness also varies significantly and depends on well location respective to faults 
(thickness increases away from the footwall).  
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Fig. 1. (a) The white square shows the study area on the Norwegian Continental Shelf (modified after Olesen et al. [26]), (b) The locations of the 
studied wells correspond to the structural element and major faults. The grey shaded areas are the hydrocarbon fields within the study area. The 

black line A-B represents the correlation presented in Figure 2. 

The Upper Jurassic Heather Formation shale consists mainly of grey silty claystone with thin streaks of limestone 
deposited in an open marine environment. It overlies and interfingers with the main reservoir rocks Krossfjord, 
Fensfjord, and Sognefjornd formation sandstones of the Viking Group (Fig. 2a) [27]. Stewart et al. [28] divided 
Heather Formation in the Horda Platform area into three sub-units (A, B, and C). This study evaluates only the Heather 
C unit, which is sandwiched between the Sognefjord and Draupne Formations. The primary caprock Draupne 
Formation shale is part of the Viking Group and consists of dark grey-brown to black, usually non-calcareous, 
carbonaceous, occasionally fissile claystone. The formation was deposited in an open marine environment with 
restricted bottom circulation and often with anaerobic conditions [27]. Interbedded sandstone and siltstone, as well as 
minor limestone streaks and concretions, are also present. Draupne Formation generally has a diachronous contact 
with the Heather Formation in the lower boundary. In contrast, the upper boundary of the Draupne Formation is 
usually characterized by Cretaceous rocks (Cromer Knoll Group), which have a higher velocity and lower gamma-
ray response than the over and underlying rocks [27]. 

3. Database and Methods 

The caprock's mechanical behavior was evaluated using the wireline log data from four exploration wells located 
between the Vette and Tusse faults (Fig. 1b). Table 1 shows the exhumation and thickness of caprocks (i.e., Draupne 
and Heather Formations) and reservoir rocks (i.e., Sognefjord, Fensfjord, and Krossfjord formations) within the 
studied wells. Draupne Formation thickness varies significantly (32 to 125 m), while the reservoir units' thickness 
variations are minimal. The wells are located in Bjørgvin Arch (31/3-1 and 31/3-3), Stord Basin (31/6-1 and 31/6-3) 
[27], and are within the mechanical compaction zones (considering before exhumation depth) [30]. In this research, 
the available wireline logs (i.e., Gamma-ray, density, P-sonic, resistivity, etc.) from the studied wells were analyzed. 
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Moreover, the SEM images were analyzed by using the cutting samples from well 31/3-1. The Vs (shear wave 
velocity) is not acquired in any of the studied wells; therefore, a machine learning technique (i.e., Random Forest) 
was used to predict Vs. We tested several machine learning techniques, where the Random Forest yielded 
comparatively better results. The dynamic mechanical properties such as Young’s Modulus (E), and Poisson’s Ratio 
() were calculated using the following equations: 

 

𝐸 =
𝜌𝑉𝑠

2(3𝑉𝑝
2− 4𝑉𝑠

2)

𝑉𝑝
2− 𝑉𝑠

2                                                                                                                                                         (1) 

 

𝜈 =
𝑉𝑝

2−2𝑉𝑠
2

2(𝑉𝑝
2− 𝑉𝑠

2)
                                                                                                                                                               (2) 

 

 

Fig. 2. (a) A generalized Jurassic and Cretaceous stratigraphic succession in the study area (modified from NPD CO2 Atlas, [29]). Well 
correlations flatten on Draupne Formation (b) and flatten on 0 m  SSTVD (c). The structural correlation (c) shows the present-day depth 

variations of Draupne and Heather formations within the studied wells. The deep resistivity value shows the mineralogy, compaction, and fluid 
variations within wells. 
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The log driven dynamic Young’s modulus was converted to log-based static values using Mullen et al. [31] 
equation: 

 
𝐸𝑠𝑡𝑎𝑡 = [

𝐸𝑑𝑦𝑛

3.3674
]2.042                                                                                                                                                     (3) 

 
 
The P-wave velocity (Vp) versus density (ρ) cross-plot is a useful tool for acoustic property characterization used 

in this research. The background template (i.e., friable sand model, 50% and 100% clay volume curves) was adapted 
from Avseth et al. [32]. This model is called the Dvorkin-Gutierrez silty shale model, where the saturated elastic 
moduli of shale were estimated using the Hashin-Shtrikman lower bound as a function of clay content, assuming the 
added silt grains consist of 100% quartz [32]. The mechanical properties such as Young’s Modulus (E), and Poisson’s 
Ratio () were characterized using the templates where the background curve was adapted from Grieser and Bray 
[33]. This template represents the ductile to brittle region transition of the seal rock used to evaluate the studied well 
caprocks. 

Table 1. Maximum burial depth, present depth, and thickness of Draupne and Heather formations penetrated by the studied wells. The structural 
elements, as suggested by NPD [27]. 

Wells Structural 
Element 

Draupne 
Formation top 
depth (m BSF) 

Thickness 
(m) 
Draupne 

Heather 
Formationb top 
depth (m BSF) 

Thickness 
(m) 
Heather 

Sognefjord Formation 
top depth (m BSF) 

Thickness 
(m) 
Sognefjordc 

Present Maxa Present Maxa Present Maxa 

31/3-1 Bjørgvin Arch 963 1343 32 995 1375 9 1004 1384 418 

31/3-3  1193 1713 49 1242 1762 10 1252 1771 524 

31/6-1 Stord Basin 986 1316 25 1011 1341 14 1025 1355 424 

31/6-3  1044 1474 125 1169 1599 16 1185 1615 421 
aCorrected for exhumation estimated from Vp-Depth trend; bOnly considered interval between Draupne and top reservoir section; cWhole reservoir units (Sognefjord, Fensfjord & Krossfjord formations)  

 
Elastic impedance-based brittleness index (BI) was also estimated, which is the qualitative measure of rock 

behavior. There are many empirical equations [13, 33-37], out of which the two methods tested were proposed by 
Grieser and Bray [33] and Fawad and Mondol [37]. The Grieser and Bray [33] empirical equation is based on the 
normalization of Young’s modulus and Poisson’s ratio and stated that: 

 
𝐵𝐼1 =

1

2
[

𝐸−𝐸𝑚𝑖𝑛

𝐸𝑚𝑎𝑥− 𝐸𝑚𝑖𝑛
+

𝜈− 𝜈𝑚𝑎𝑥

𝜈𝑚𝑖𝑛− 𝜈𝑚𝑎𝑥
],                                                                                                                              (4) 

 
where E is static Young’s modulus, Emax is 69 GPa, Emin is 0 GPa, and ν is static Poisson’s ratio, νmax is 0.5, νmin is 

0. Also, the higher the BI1 value is, the more brittle the caprock would be.  
 
The other equation proposed by Fawad and Mondol [37] is:   
 

𝐵𝐼2 =
0.00044𝐴𝐼−1.3− √0.62 

𝑅𝑤
𝑅𝐷

 (0.00019𝐴𝐼+0.25)

1.35 + 0.00028𝐴𝐼
,                                                                                                               (5) 

 
where AI is the acoustic impedance (gm/cm3 x m/s); RD is true formation resistivity (ohm-m), and RW is the 

resistivity of pore water (ohm-m). Equation 5 is based on the physical and elastic properties of the organic matter 
(kerogen), quartz, and clay/water as end-members of a ternary model, and here the brittleness is defined as an increase 
in stiffness of a rock due to compaction and addition of stiff mineral content (quartz, carbonate, or dolomite). 
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4. Results 

4.1. Elastic properties of the caprock 

The velocity (Vp) and density (ρ) data points from Draupne and Heather formations are evaluated using the wireline 
logs from wells 31/3-1 and 31/3-3 (Fig. 3). The caprock with a thick hydrocarbon column in well 31/3-1 shows 
significantly low density and velocity compared with the dry well 31/3-3. Considering gamma-ray (GR) value as a 
proxy of grain size (assuming higher GR values represent fine grains), the wells do not follow the compositional trend 
(Fig. 3b). The various gamma-ray data points are clustered in low Vp and ρ zone in well 31/3-1, while in well 31/3-
3, the data points follow an increasing trend irrespective of GR values. Moreover, the wells do not follow the 
background curves, which are estimated based on the composition variations. Although the Heather Formation has 
lower gamma-ray values than Draupne (larger grain size), the data points' distribution does not follow any trend.   

 
Compare the properties with other wells in the same fault block (between Vette and Tusse fault), 31/6-1, and 31/6-

6 wells plotted in Vp versus density cross-plot, 31/6-1 has a thick gas column like 31/3-1 and 31/6-3 is a dry well (Fig. 
3c). Both wells are clustered in low velocity and density zone except few data points from Draupne and the Heather 
Formations in well 31/6-3. The gamma-ray value represents a similar range with 31/3-1 except the Heather Formation 
data points from 31/6-3, which compacted more (high Vp and ρ) than the other data (Fig. 3d). 

 

 
Fig. 3. Vp versus density cross-plot of Draupne and Heather Formation data points from well 31/3-1 and 31/3-3 color-coded with formation 

names (a), Gamma-ray (b). Wells 31/6-1 and 31/6-3  color-coded with formation names (c) and Gamma-ray (d). The grey background data points 
in (c) are from wells 31/3-1 and 31/3-3. The reference curves are adapted from Avseth et al. [32]. 
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4.2. Geomechanical properties and brittleness 

Mechanical properties of studied wells are evaluated using the Young’s modulus (E) versus poisson’s ratio (PR) 
cross-plots, where the converted static E was used (Fig. 4). There is no separation between the Draupne and Heather 
Formation data points like the elastic properties.  

 

 
Fig. 4. Cross-plots of Young’s modulus (E) and Poisson’s ratio of Draupne and Heather Formation data points from well 31/3-1 and 31/3-3 color-

coded with formation names (a), Gamma-ray (b), temperature (c), and deep resistivity (d). Well 31/6-1 and 31/6-3 color-coded with formation 
names (e), with grey background data points from well 31/3-1 and 31/3-3 and GR (f). The reference curves are adapted from Greiser and Bray 

[33]. 
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The well with a thick gas column has very high PR with very low E values, while the other well (31/3-3) data 
points are widely distributed with a large range of E and PR. There is no compositional influence observed; however, 
the high GR data from well 31/3-3 shows a significant decrease in PR with a gentle increase in E compared to a 
significant increase in E with a gentle PR decrease containing low GR values (Fig. 4b). Moreover, the exhumed 
temperature shows two values following the depth difference, though the variation is not significant (Fig. 4c). The 
low deep resistivity values also reveal that the caprocks are immature, and no gas leaking took place through fractures 
in well 31/3-1 (Fig. 4d). Compared with the background curves, most data from well 31/3-1 fall within the ductile 
region, while the dry well data points are displayed within the brittle zone.  

 
The Draupne Formation in wells 31/6-1 and 31/6-3 plot generally within the ductile region with high PR and low 

E values, whereas the Heather Formation data fall in the brittle zone with few data points from Draupne (Fig. 4e). 
Moreover, comparing the Draupne Formation within the dry wells, the formation in well 31/3-3 shows higher stiffness 
(high E and low PR) than Draupne in well 31/6-3. 

 
The brittleness indices (BI) values range between 0.1 to 0.5, where BI2 illustrates a comparatively higher value 

than the corresponding BI1 value. Moreover, the brittleness increasing trend in both methods has significant 
differences. The BI1, which is calculated using E and PR, increases with increasing E and PR (Fig. 5a). However, the 
increasing brittleness trend in BI2 depends on the changes in E while the PR has a long-spread within the same BI 
values (Fig. 5b). According to the template, the data points from wells 31/3-1, 31/6-1, and 31/6-3 fall within the ductile 
region, while the data points from 31/3-3 and few data from 31/6-3 (i.e., few data from Draupne and Heather 
formations ) fall within the brittle zone. However, the ductile zone data show significantly low BI values in both 
methods (~0.1 to 0.2).  
 

 
Fig. 5. Young’s modulus versus Poisson’s ratio cross-plots of Draupne and Heather formations color-coded by BI1 (a), and BI2 (b) with the 

reference curve adapted from Grieser and Bray [33]. 

5. Discussion 

Caprock behavior under stress is a function of mechanical properties of the rock, effective pressure, and shear zone 
geometry [18, 38]. For example, a brittle rock is more likely to dilate at a given effective pressure than a ductile one. 
Moreover, Pore pressure becomes an important parameter when the pressure in the underlying reservoir is significantly 
high. The risk of vertical natural hydraulic fractures through the seal rock increases dramatically in such a scenario. 
The pore pressure increase within reservoirs in wells 31/3-1 and 31/6-1 due to gas accumulation, hence decrease the 
vertical effective stress and mechanical compaction [4]. These overpressure phenomena within the reservoir might 



 GHGT-15 Rahman et al.   9 

increase the caprock's pressure, hence generating micro-fractures (Fig. 6). However, the deep resistivity log indicated 
no HC migration upward into the caprock, demonstrating that the caprock did not fail, but the pressure increased the 
ductility [9]. We observed this effect in mechanical properties with low E and high PR values. In contrast, the normal 
pore pressure within the reservoir showed a high modulus with higher brittleness. However, a significant increase in 
caprock thickness might influence the seal behavior.  

 

 
 

Fig. 6. SEM images of cutting samples from the well 31/3-1 show disconnected small micro-cracks within the clay matrix. Note that the images 
have scale differences.   

 
Although well 31/6-3 is dry, the ductile nature of caprock compares with other dry well (31/3-3) might be the 

influence of the caprock thickness and the depositional variations. Therefore, caprock's soft nature due to the thick 
column of HC within the below reservoir might be another parameter along with increasing TOC explained by Hansen 



 GHGT-15 Rahman et al.   10 

et al. [39] (Fig. 7). Many other parameters, such as grain size [5-8], clay mineralogy [6], fabric [1], etc., also play a 
significant role in controlling rock properties during mechanical compaction.  

 

 
Fig. 7. (a) Influence of different processes on shale properties with the rock physics template summarized by Hansen et al. [39], (b) Draupne and 

Heather shale data points color-coded with BI1. 
 

6. Conclusions 

The effect of a thick HC column on caprock mechanical behavior is evaluated. The critical observations of this 
study are as follow: 

 A thick gas column below the caprock significantly changes the mechanical properties resulting in a more 

ductile behavior. 

 The caprock behaves more ductile with non-connected micro-fracture generated within the caprocks due 

to the thick hydrocarbon column within the underlying reservoir. However, if the fracture connectivity 

increases, the top seal's mechanical failure may increase.   

 Thick caprock has softer behavior irrespective of fluid within the underlying reservoir. 
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A B S T R A C T   

Evaluating any subsurface CO2 storage site comprises the reservoir, seal, and overburden investigation to 
mitigate injection and storage-related complications. The Upper-Middle Jurassic Sognefjord, Fensfjord, and 
Krossfjord formation sandstones are potential CO2 storage reservoirs at the Smeaheia area, northern North Sea. 
The Smeaheia area is located east of the Troll oil and gas field. The Upper Jurassic organic-rich Heather and 
Draupne Formation shales are the main seals for the sandstone reservoirs. In this study, we carried out a prestack 
seismic inversion to obtain elastic property cubes of acoustic impedance (AI), velocity ratio (Vp/Vs), and bulk 
density (RhoB). From these elastic cubes, we obtained the reservoir properties such as porosity (Phi), shaliness 
(Vsh), and permeability (k) of Sognefjord, Fensfjord, and Krossfjord formations. We introduced two new equa-
tions to extract the shale volume and porosity cubes from the inverted elastic cubes in the present study. These 
equations are nonlinear based on the AI versus Vp/Vs rock physics template. Both equations are correlated first 
with the well log data and then applied on the elastic property cubes (AI versus Vp/Vs) to obtain the Vsh and Phi 
property cubes. An additional porosity cube (PhiD) was generated from the inverted RhoB for comparison. 
Finally, using an empirical equation, permeability was extracted from the porosity cube. The reservoir properties 
we derived from 3D seismic, in addition to the well log, revealed the vertical and lateral variations of porosity, 
shaliness, and permeability in the Smeaheia area. We used these reservoir properties to infer the depositional 
environment and the viability of reservoirs for CO2 storage. The depositional environments identified were 
shoreface and deltaic from the extracted sand-body geometries. We found the Sognefjord Formation possessing 
the best reservoir properties, followed by the Fensfjord Formation as the secondary storage potential. In contrast, 
the Krossfjord Formation owed the lowest reservoir quality in the Smeaheia area.   

1. Introduction 

Subsurface CO2 storage is one of the many solutions proposed for 
reducing greenhouse gas emissions in the atmosphere. A hydrocarbon 
trap is a demonstration of a working reservoir, seal, and overburden 
system; however, in a subsurface geological CO2 sequestration, the 
storage and capping elements viability requires proper investigation. 
This study focuses on a prestack seismic inversion to obtain the reservoir 
properties (e.g., porosity, shaliness, and permeability) of Sognefjord, 
Fensfjord, and Krossfjord formations in a potential CO2 storage site 
"Smeaheia" offshore Norway (Fig. 1a). The Smeaheia area is located east 
of the Troll field in the Bjørgvin Arch and Stord Basin in the northern 
North Sea. The area is bounded by an array of faults separating the Troll 
Field in the west by the Vette Fault (VF) and the Caledonian Basement 

Complex in the east by the Øygarden Fault Complex (ØFC). There are 
two structural closures in the Smeaheia area ‘Alpha-32/4-1’ in the east 
and the ‘Beta-32/2-1’ in the west, possessing dry wells (Fig. 1b). The 
area is among the few potential CO2 storage sites under consideration in 
the northern North Sea. 

Fig. 2a shows a stratigraphic succession (Jurassic and younger rocks) 
at the exploration well 32/4-1 (Alpha prospect) in the Smeaheia area. 
The primary reservoir sandstone is the Sognefjord Formation, which 
consists of coastal-shallow marine sands, overlain by the Heather and 
Draupne Formation shales, the main caprocks in the area. The Sog-
nefjord Formation is medium to coarse-grained, well-sorted, friable, 
locally micaceous, and minor argillaceous sandstone. The Fensfjord 
Formation is fine to medium-grained, well-sorted, and moderately 
friable to consolidated sandstones with shale intercalations. The 
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Krossfjord Formation is medium to coarse-grained, well-sorted, and 
loose to friable sandstone. Bioclastic material and occasional cemented 
bands occur in all the three potential reservoir sandstones of Sognefjord, 
Fensfjord, and Krossfjord formations. The Heather Formation shale 
interfingers with sandstones of the Krossfjord, Fensfjord, and Sognefjord 
formations (Fig. 2b). It consists mainly of silty claystone with thin 
streaks of limestone, occasionally becoming highly micaceous grading 
into sandy siltstone (NPD, 2020). The Draupne Formation comprises 
dark grey-brown to black, usually non-calcareous, carbonaceous, and 
fissile claystones. It is characterized by high gamma-ray radioactivity 
(often above 100 API units) because of the elements associated with 
organic matter. The Draupne Formation deposited in a marine envi-
ronment had restricted bottom circulation, mostly under anaerobic 
conditions (NPD, 2020). The Heather and Draupne Formations com-
bined are the primary seals for the CO2 storage reservoir sandstones of 
the Sognefjord and the underlying formations. 

Considering only the Sognefjord Formation having good reservoir 
quality, a CO2 storage reservoir, Alpha and Beta structures have a po-
tential storage capacity of roughly 100 Mt each (Statoil, 2016). The main 
risks of leakage of injected CO2 in the Smeaheia area are sideways 
migration along the ØFC and fractures towards the east, where the 
reservoir juxtaposes the fractured basement rocks and the VF in the west 
(Fig. 1b). Other risks are associated with numerous faults/fractures of 
sub-seismic resolution and fluid pathways related to palaeo- and sea-
floor pockmarks (Mulrooney et al., 2018). The topmost layer (Fig. 2a, 
Quaternary sediments) of the overburden is glacial sediments 
comprising of claystone and till, and their thickness ranges from about 
50 m and up to more than 200 m (Halland et al., 2014). There is also a 
concern of pressure communication with the Troll field that produces oil 
and gas from the same reservoir sandstones. The Troll field lies about 8 
km west of the Smeaheia area on the VF hanging wall. 

For evaluating a potential GCS, the storage and capping integrity are 
critical, which need proper investigation. The target Jurassic sandstones 
in the Smeaheia area from the well log data seem suitable for CO2 
geological storage for having the required physical properties, i.e., 
porosity, permeability, and water salinity. However, it is essential to 
know the subtle horizontal variations in addition to the vertical changes 
in reservoir properties (for instance, porosity and permeability) to pre-
dict the behavior of an injected CO2 plume and its migration updip, or 
vertically upward to the base of the reservoir seal (Chadwick et al., 
2004; Riley, 2010). A 3D reservoir simulation model constructed by 
stochastically distributing various properties from well log data cannot 
predict the CO2 plume movement and associated risks. Therefore, it is 
crucial to extract reservoir properties using 3D seismic data volume to 
extend and complement the well log data. 

A seismic profile is an array of processed seismic traces, with each 
trace being considered to be the convolution of a source wavelet with an 
input reflectivity sequence with each reflectivity spike representative of 
the contrast in acoustic impedance (AI = P- wave velocity x bulk density) 
across the geological contact. The magnitude of AI and other elastic 
parameters in a formation depends upon many factors such as rock 
mineralogy, texture, pore fluid type, saturation, effective pressure, and 
compaction level that provide the relationship between rock physics, 
litho-fluid facies, and depositional environments (Avseth et al., 2005; 
Chuhan et al., 2003; Fawad et al, 2010, 2011; Giles, 1997; Hart et al., 
2013; Mondol et al., 2008a; Schmitt, 2015; Thyberg et al., 2000). The 
mineralogy and texture depend upon the depositional environments, 
whereas the degree of compaction is a function of the depth of burial and 
temperature (Bjørkum et al., 1998). The compaction trend of both shale 
and sand behave differently with the depth influencing the seismic 
signatures (Brown, 2010; Fawad et al., 2010; Mondol et al., 2007). The 
properties of rocks gradually change from the time of deposition, 
through burial at the greater depth and convert the loose sands to 

Fig. 1. (a) Location of the CO2 storage site Smeaheia, offshore Norway. (b) A 
SW-NE running inline-1066 of 3D survey GN1101 over the Smeaheia area 
showing the Alpha and Beta prospects and other regional structures delineated 
by the key surfaces. Two dry wells are present in the area with trajectories 
highlighted on the seismic section by gamma-ray (GR) curves. 

Fig. 2. (a) A generalized Jurassic to Quaternary stratigraphic succession in the 
study area (modified from Kinn et al., 1997). (b) A west to east stratigraphic 
cross-section between the wells 32/4-1 and 32/2-1 flattened on top Draupne 
Formation (primary seal). The potential reservoir sandstones of Sognefjord, 
Fensfjord, and Krossfjord formations show several prograding cycles. 
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sandstones (Bernabé et al., 1992; Bjørlykke and Egeberg, 1993), and the 
soft clay particles into brittle mudstones (Aplin and Macquaker, 2011; 
Thyberg et al., 2009). The main diagenetic processes are 
stress-dependent mechanical compaction (MC) and temperature plus 
time-dependent chemical compaction (CC), which converts the reservoir 
and caprock properties into the present state (Bjørlykke and Jahren, 
2015). 

Extracting reservoir properties and fluid detection from seismic has 
always been an objective of geophysicists since active source reflection 
seismic has been used for hydrocarbon exploration (Fawad et al., 2020; 
Sheriff and Geldart, 1995). Standard reservoir characterization work-
flows comprise seismic inversion and amplitude-variation-with-offset 
(AVO) or amplitude-variation-with-angle (AVA) analyses. The change 
in amplitude with angle has long been developed by Zoeppritz in 1919 
(Zoeppritz, 1919). Since the Zoeppritz equations were not intuitive, 
many approximations to solve AVO/AVA have been presented over the 
years (e.g., Aki and Richards, 1980; Fatti et al., 1994; Goodway et al., 
1997; Shuey, 1985; Smith and Gidlow, 1987; Verm and Hilterman, 
1995). 

The AI, which is a real physical material property, is a zero-offset 
reflection function. On the contrary, an elastic impedance (EI) is not a 
physical property but a derived attribute of the seismic data, which can 
be computed for non-normal incident angles (Connolly, 1999). The EI 
contains fluid information. The EI method is further improved by 
Whitcombe et al. (2002), calling it Extended Elastic Impedance (EEI) 
with the option of a theoretical rotation angle (chi) from − 90◦ to +90◦ in 
the intercept-gradient crossplot space. Particular rotation angles are 
related to elastic parameters, such as Lambda-Mu-Rho (LMR) (Goodway 
et al., 1997) and the compressional-to-shear wave velocity ratio (Vp/Vs). 
The LMR parameters are useful lithology and fluid discriminators. 

Seismic inversion is a well-established technique since 1972 when 
Lindseth (1972) put forward a new method of processing, displaying, 
and interpreting seismic data that was mainly the inverse of producing 
seismograms from borehole sonic logs. The basic procedure uses the 
reflectivity at an interface between two successive layers to derive the 
layers’ effective elastic properties. At present various types of seismic 
inversion algorithms exist, e.g., colored impedance inversion (Lancaster 
and Whitcombe, 2000), simultaneous AVO inversion (Hampson et al., 
2005; Ma, 2001), and joint facies-based impedance inversion (Kemper 
and Gunning, 2014). The inversion may utilize either post-stack or 
prestack seismic data, employing deterministic or stochastic procedures, 
with or without a background low-frequency model. 

Geostatistical methods consider the uncertainties of spatial correla-
tion, conditioning to different kinds of data, and incorporating sub 
seismic heterogeneities (Bosch et al., 2010; Buland and Omre, 2003; 
Zhao et al., 2014). The stochastic inversion methods using a general 
Bayesian formulation are implemented in two different workflows 
(Bosch et al., 2010). In the sequential approach, first seismic data are 
inverted, deterministically or stochastically, into elastic properties. The 
inversion-derived elastic properties are then converted to the rock 
properties using a rock physics model (Dvorkin and Nur, 1996; 
Ødegaard and Avseth, 2004). The joint or simultaneous workflow ac-
counts for the elastic parameters and the reservoir properties, often in a 
Bayesian formulation, assuring stability between the elastic and reser-
voir properties. Rock physics models link elastic parameters such as 
impedances and velocities to the reservoir properties such as lithologies, 
porosity, and fluids. Generally, the inversion is based on ray-tracing 
modeling on a single interface assumption, which introduces errors 
and requires substantial pre-processing for stratified models. To over-
come those problems, a joint PP and PS Pre-stack Seismic Inversion for 
Stratified Models Based on the Propagator Matrix Forward Engine has 
been proposed (Luo et al., 2020). The authors demonstrated the algo-
rithm to be better than the single PP inversion in terms of consistency 
and accuracy, especially for S-wave velocity and density. 

In terms of layer properties, the EEI represents a straight line rotation 
in a crossplot of AI versus Vp/Vs (Avseth et al., 2014; Avseth and 

Veggeland, 2015). Since the background trend in the AI, Vp/Vs domain 
is highly nonlinear due to the complex relationship between compaction 
and rock-physics properties, Avseth et al. (2014) proposed new equa-
tions "CPEI- Curved Pseudo Elastic Impedance" and "PEIL-Pseudo Elastic 
Impedance" as fluid and rock stiffness indicators respectively. The au-
thors extracted these attributes consistent with a rock physics template 
(RPT), taking into account compaction and cementation (Avseth and 
Veggeland, 2015). Recently, Lehocki et al. (2020) suggested an inver-
sion of the Zoeppritz equation (Zoeppritz, 1919) to obtain the ratio of 
the density of two layers at the layers’ interface. The distinction seemed 
possible employing the density ratio technique even in (initially) 
cemented rocks as the diagenetic cement dampens the fluid effect on 
elastic properties. This technique is in a developing stage and needs 
testing in other fluid-lithology environments. 

The reservoir properties such as porosity, shaliness, and saturation 
obtained from inverted seismic data (Yenwongfai et al, 2017, 2018) can 
further be used as input and subsequent calibrations to a 3D reservoir 
simulation or geomechanical model (e.g., (Herwanger and Koutsabe-
loulis, 2011). The present study’s objective is to deterministically 
extract the reservoir properties (e.g., porosity, shaliness, permeability) 
from seismic data using new rock physics equations correlatable with 
the well log data. The results from work can be used to develop and 
calibrate a 3D field scale reservoir, and subsequently a geomechanical 
model for the potential CO2 storage site Smeaheia in the northern North 
Sea. 

2. Dataset and methodology 

A 3D seismic volume GN1101 covering the Smeaheia area, wireline 
log data from two exploration wells 32/4-1 (Alpha) and 32/2-1 (Beta), 
and petrographic analysis of Sognefjord Formation sandstone were 
available for the study. Seismic interpretation carried out by GASSNOVA 
was also available with the database. We selected the key surfaces 
(Fig. 1b) for the low-frequency model building before the prestack 
simultaneous inversion. The complete logs in both wells were gamma- 
ray curves, whereas, at shallower depths, the sonic and density log 
data were not recorded. To fill the information against those missing 
lengths of logs (ranging from 250 m to 800 m), an inversion (Lindseth, 
1972) was carried out along the well trajectories starting from the sea-
floor obtaining the acoustic impedance curves. Using Gardner’s equa-
tion (ρ = aVp

0.25, Gardner et al., 1974), the acoustic impedance data was 
split in P-wave velocity (Vp, in m/s) and bulk density (RhoB, in g/cm3), 
iterating the coefficient ’a’ at which the curves splice best with the 
deeper available Vp and density logs. Since the shear wave (Vs) logs 
were not acquired in both the wells, synthetic Vs were generated using 
Greenberg and Castagna (1992) method employing the volume of shale 
from gamma-ray (VshGR) as input for mineral constrain. 

We carried out the prestack inversion using commercial software. 
The inversion algorithm was based on a modified Fatti et al. (1994) three 
reflectivity terms (Hampson et al., 2005; Fawad et al., 2020). The 
available seismic data comprised a set of five partial stacks with angles 
0–10◦, 10–20◦, 20–30◦, 30–40◦, and 40–50◦ (Fig. 3a). A preconditioning 
alignment of traces using a non-rigid method (NRM) was carried out 
before using these stacks for inversion. After extracting statistical 
wavelets from all the five partial stacks, both the wells were correlated 
with the seismic (Fig. 3b). Moderate to good correlation coefficients 
(0.6–0.7) were obtained. The linear regressions between the acoustic 
impedance and shear impedance, and acoustic impedance and density 
were taken as default. The inversion analysis along the wellbore was, 
however, reasonable within the zone of interest (Fig. 3c). 

Finally, the simultaneous inversion was applied on the partial stacks 
to obtain the acoustic impedance (AI), P- to S-wave ratio (Vp/Vs), and 
Density (RhoB) cubes (Fig. 4a–c). 

A standard petrophysical evaluation was carried out on the logs from 
both wells 32/4-1 and 32/2-1. The volume of shale (Vsh) was calculated 
by the Clavier method (Asquith et al., 2004) using the gamma-ray log: 
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VshGR = 1.7 −

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

3.38 − (IGR + 0.7)2
√

(1)  

where IGR is the gamma ray index that normalizes the GR curve from 0 to 
1 based on the selection of sand and shale lines, respectively. 

Effective porosity (φe) was calculated using the density (RhoB) log 
with the Vsh input. The grain and brine densities were considered 2.65 g/ 
cm3 and 1.02 g/cm3, respectively. Only one core segment in well 32/4- 
1 was acquired within the Sognefjord Formation (Kinn et al., 1997). The 
porosity values from the core analysis are slightly higher than the 
effective porosity (φe) estimated from the RhoB log (Fig. 5a&b). The 
permeability was calculated using the φe (in fraction) from logs 
employing a logarithmic-linear form of the equation (PetroWiki, 2021; 
Timur, 1968): 

log10k=Clog10∅e + D, (2)  

where k is absolute permeability in millidarcies, coefficients C and D 
were adjusted to 8.4 and 7.6, respectively, to obtain the permeability 
comparable to that of the core. 

The net reservoir thickness, net-to-gross thickness ratio (N/G) were 
obtained using cut-off Vsh≤0.3, φe ≥ 0.1, and permeability (k) > 20mD 
(Fig. 5). The arithmetic average for each reservoir parameter for both 
wells (32/4-1 & 32/2-1) is documented in Table 1. Using a nonlinear 
approach (Avseth et al., 2014; Avseth and Veggeland, 2015), employing 
a relation between the S-wave velocity and the P-wave velocity (Lee, 
2003), we came up with an equation to calculate shale volume (Vsh) 
based on the AI, Vp/Vs ratio domain. 

Vsh =

{

ρma −
AI

VPma
−

[

1 −

(
VS

VPG∝

)1
n
][

AI
(

1
VPw

− 1
VPma

)

− (ρw − ρma)

]}

[

(ρsh − ρma) − AI
(

1
VPsh

− 1
VPma

) ] ,

(3)  

where Vsh is the volume of shale in fraction, Phi is porosity in fraction, AI 
is acoustic impedance in g/cm3*m/s, VP is P-wave velocity in m/s, VS is 
S-wave velocity in m/s, G is mineralogy/shaliness coefficient, α is Vs/Vp 
ratio of the mineral/rock matrix, n is stress/cementation coefficient, 
VPma, VPsh and VPw are the P-wave velocities (in m/s) of the mineral 
matrix (e.g., quartz), shale and water respectively, ρma is the density of 
mineral grains, ρsh is the density of shale, ρw is the density of water (all in 
g/cm3). Equation (3) is based on a three component system, defined by a 
matrix pole (e.g., quartz), shale pole and a water pole (Fig. 6). Changing 
the mineralogy/shaliness coefficient ’G’ results in a vertical static shift 
in the iso-Vsh contours (Fig. 6), that we selected 1.02 for well 32/4-1, and 
0.99 for 32/2-1. The stress/cementation coefficient ‘n’ controls the slope 
of the iso-Vsh contour lines and is selected (n = 0.55 in our case) such 
that the line with Vsh = 0 calibrates with the brine saturated sandstone 
trend from the well data. The matrix and fluid-related constants may be 
taken from Mavko et al. (2009) and vendors’ logging chart books. The 
values of VPsh and ρsh define the shale pole constraining the Vsh = 1 
contour on the AI, Vp/Vs plane. 

A variant of Equation (3), modified empirically to calculate porosity 
using AI, Vp/Vs information, is: 

Fig. 3. (a) Angle stacks after preconditioning-alignment of traces using a non-rigid method (NRM). (b) Seismic to well correlation in case of well 32/2-1 showing a 
moderate to good correlation between the well-synthetic and seismic. (c) Inversion analysis at well (32/2-1) location highlighting the difference of the original elastic 
properties with the corresponding inverted values. 
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Fig. 4. Profiles from the prestack inverted cubes (a) AI, (b) Vp/Vs Ratio, and (c) RhoB. The corresponding properties displayed on the top Sognefjord TWT surface are 
placed on the right, with the profile locations highlighted by yellow rectangles. (For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 

Fig. 5. Reservoir parameters plotted against depth with corresponding cut-off lines (red), (a) Shale volume (VshGR), effective porosity (φe), and permeability (k) 
calculated using petrophysical methods from logs in well 32/4-1 with the porosity and permeability data measured in the core (Kinn et al., 1997, blue circles). (b) 
Same plot showing Sognefjord Formation only, (c) VshGR, φe, and k calculated using petrophysical methods from logs in well 32/2-1. (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article.) 
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Phi= 1 −

0.001429AI − J −

[

1 −

(
Vs

VpGα

)1
n
]

[0.00024AI + J − 1]
[

(ρma − J) − AI
(

1
VPma

− 0.001429
)] , (4)  

where Phi is porosity in fraction, and J is calibration coefficient (with 
values 1 to 4) that laterally moves the iso-porosity contours, with zero 
porosity contour anchored on the matrix pole (Fig. 6). There is a patent- 
pending on the quantification procedure related to Equation (3). Deri-
vations and other related details of these equations will be presented in a 
subsequent publication. We generated G cube with a transition of values 
from well 32/4-1 to 32/2-1 and subsequently using Equation (3) and 
Equation (4) by putting the AI and Vp/Vs cubes, obtained the Vsh and Phi 
cubes, respectively. The porosity was calculated using Equation (4) only 
in zones with Vsh below 0.3. Permeability (k) cube from porosity (Phi) 
cube was extracted using Equation (2). Finally, using the Vsh cube, we 
extracted sand depositional geometries to get an insight into the depo-
sitional environments. 

We performed exhumation estimates on wells 32/4-1 and 32/2-1, 
comparing the Vp data with experimental compaction trends of 50:50 

silt-kaolinite mixture (Hansen et al., 2017; Marcussen et al., 2010) and 
reconstituted Etive Sandstone (Marcussen et al., 2010). 

Furthermore, a rock physics evaluation was carried out to relate the 
reservoir properties with the depositional environment and diagenesis, 
employing well log data on the RhoB-Vp plane (Avseth et al., 2005). The 
critical porosity was assumed according to the data distribution at low 
density/high porosity. In a transitional depositional environment, the 
water density was considered to be 1.02 g/cm3. 

3. Results and discussion 

3.1. Comparison between seismic-derived and well log-based reservoir 
parameters 

The Sognefjord Formation in well 32/2-1 has a gross thickness of 
110 m with an average porosity of 0.31. The thickness and porosity 
within the Sognefjord Formation decrease towards the west in well 32/ 
4-1 (thickness 68 m and porosity 0.30 respectively); however, the net-to- 
gross thickness ratio (N/G) 0.36 is low in well 32/2-1 compared to 0.72 
in well 32/4-1 (Table 1). The Fensfjord Formation in well 32/2-1 has a 
gross thickness of 103 m and N/G 0.52 lower than in well 32-4-1 (i.e., 
thickness 229 m and N/G 0.59 respectively). The Fensfjord Formation 
average porosity is 0.28 in well 32/2-1, which is slightly better than in 
well 32/4-1 (0.26). The Krossfjord Formation generally exhibits poor 
reservoir properties in both wells. In well 32/2-1 the Krossfjord is 
comparatively thin (gross thickness 72 m), with a high average porosity 
(0.25) compared to a lower gross thickness of 47 m and porosity 0.21 in 
well 32/4-1. The Krossfjord Formation N/G, however, is a lot better (N/ 
G 0.51) in well 32/4-1 compared to that of in well 32/2-1 (0.17). The 
average permeability is generally higher in the Sognefjord, Fensfjord, 
and Krossfjord formations in well 32/2-1. 

The Vsh values calculated using the AI and Vp/Vs logs matched well 
with the Vsh extracted from the gamma-ray log (i.e., VshGR) except for 
some over-prediction within the Draupne Formation in well 32/4-1 
(Fig. 7a). The porosity values calculated from the AI, Vp/Vs showed a 
good fit with the effective porosity (φe) derived from the density log. 
There is some porosity over prediction within the lower part of the 
Krossfjord Formation in well 32/2-1 (Fig. 7b). Both the Vsh and φe cal-
culations from traditional petrophysics generally show a good correla-
tion with the respective properties calculated using rock physics models 
(i.e., Eqs. (3) and (4)), except in the case of low porosity, which the rock 
physics method slightly overpredicts (Fig. 7c and d). 

Extracting the inverted cubes within a 25 m distance around both 
wells (32/4-1 & 32/2-1) show that the AI and Vp/Vs have restricted 
distribution compared to the same data from well logs on the AI, Vp/Vs 
plane (Fig. 8a–e). This is due to the difference in the resolution of the 
well logs and seismic data. The Vsh value distribution is similar to that 
from the well logs in the AI, Vp/Vs plane (Fig. 8a–b). The porosity cube 
extracted using Equation (4) shows a better match with the well log 
porosity than that calculated from the RhoB cube (Fig. 8c–e). 

Table 1 
Reservoir zones and the corresponding average parameters obtained from the petrophysics analysis.  

Zone Name Top Bottom Gross Net N/G Av Phi Av Sw Av Vsh Av Perm Phi*H Vsh*H  

m m m m fraction fraction fraction fraction mD m m  
MDRKB MDRKB          

Well 32/4-1 
SOGNEFJORD FM 1238 1306 68 48.88 0.72 0.30 1.0 0.16 2039 14.5 8.0 
FENSFJORD FM 1366 1595 229 135.11 0.59 0.26 1.0 0.19 921 35.2 25.3 
KROSSFJORD FM 1598 1645 47 23.77 0.51 0.21 1.0 0.18 130 5.1 4.4 
All Zones 1238 1645 344 207.77 0.60 0.26 1.0 0.18 1094 54.7 37.6 
Well 32/2-1 
SOGNEFJORD FM 902 1012 110 39.11 0.36 0.31 1.0 0.23 2989 12.2 8.9 
FENSFJORD FM 1012 1115 103 53.25 0.52 0.28 1.0 0.18 1729 15.1 9.5 
KROSSFJORD FM 1115 1187 72 11.89 0.17 0.25 1.0 0.24 511 2.9 2.8 
All Zones 902 1187 285 104.24 0.37 0.29 1.0 0.20 2063 30.3 21.2  

Fig. 6. Well 32/4-1 data plotted on an AI, Vp/Vs plane with iso-Vsh and iso- 
porosity contours computed using Equations (3) and (4) respectively. Posi-
tions of the three components (Matrix, Shale, and Water) are indicated 
accordingly. 
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3.2. Rock physics analysis of the potential reservoir sands 

We carried out a rock physics analysis to further investigate the 
relationship between elastic properties (i.e., velocity and density) and 
reservoir properties such as porosity, cementation, and shale volume. 
The objective was to infer the degree of influence of these reservoir 
properties on the seismic-derived attributes. Considering the section 
from top Draupne Formation to top Brent Group in both wells (32/4-1 
and 32/2-1) that comprises the Sognefjord, Fensfjord, and Krossfjord 
formations, there are numerous spikes in the Vp and RhoB logs (Fig. 9a 
and c). These are a possible manifestation of carbonate laminations, as 
the carbonate minerals owe high P- wave velocity and density. The 
reservoir sands are at a present-day temperature ranging from 40 to 50 
◦C in well 32/4-1 (Fig. 9a); however, the data plotting above the con-
stant cement line on the RhoB-Vp plane indicates a higher paleo- 
temperature regime (Fig. 9b). Some missing data points within the 
Draupne Formation were infilled using Gardner’s equation that is 
manifested as a linear trend on the RhoB-Vp plane, signifying the limi-
tations of using synthetic data. In well 32/2-1, the zone of interest lies 
between present-day temperature 25–30 ◦C (Fig. 9c), while the absence 
of cementation on the RhoB-Vp plane confirms that the sands stayed 
within the mechanical compaction zone since deposition (Fig. 9d). 

The Sognefjord Formation sandstone is possibly well sorted when 
deposited as the data plots on a high porosity against low Vp values. To 
include the high porosity data under the contact cement line, a high 
critical porosity (φc = 0.44) was selected for the contact cement line 

calculation on the RhoB-Vp plane (Fig. 10a). The well 32/2-1 data falls 
below the constant cement line indicating the zone falling within the 
mechanical compaction zone. Several of the cleanest sand data points in 
well 32/4-1 generally plot above the constant cement line showing the 
formation has been exposed to a temperature (~70 ◦C), higher than the 
present-day temperature. Assuming the present-day North Sea temper-
ature gradient (i.e., 35 ◦C/km), it can be inferred that the maximum 
burial depth of the area around well 32/4-1 was more than the present 
depth of 700 m. This assertion is confirmed by the uplift analysis that 
reveals 1100 m uplift for the well 32/4-l (Fig. 11a). The uplift increases 
towards the east in well 32/2-1, i.e., 1300 m (Fig. 11b). In both the 
wells, no overpressure has been reported; furthermore, there is a scatter 
of high density, high-velocity points indicating the presence of thin 
carbonate cemented intervals (Fig. 10a). 

The Fensfjord Formation sandstones are similar to the Sognefjord 
Formation sandstones in terms of sorting. Most of the cleanest sandstone 
data in well 32/4-1 fall above the constant cement line indicating 
exposure to temperatures higher than 70 ◦C (Fig. 10b). The high density, 
high velocity scattered points indicate carbonate-bearing intervals in 
both the wells (32/4-1 & 32/2-1). The Fensfjord Formation data in well 
32/2-1 plots below the constant cement line signifying that the forma-
tion in the study area possibly remained within the mechanical 
compaction zone since deposition. 

The Krossfjord Formation, in contrast to the type section (NPD, 
2020), is possibly poorly sorted in this area. Therefore, to constrain the 
data, the critical porosity is assumed to be lower (φc = 0.4) than the 

Fig. 7. Comparison between Vsh extracted using Equation (3) (red points), Vsh from gamma ray log (black line), Phi extracted from Equation (4) (red points), and φe 
from density log (black line) in (a) well 32/4-1 and (b) well 32/2-1. (c) Comparison between Vsh computed from GR log using a petrophysical method and the Vsh 
from the rock physics-based Equation 3, (d) φe calculated from the RhoB log using petrophysics versus Phi from the rock physics based Equation (4). (For inter-
pretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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shallower formations (Fig. 10c). The formation in well 32/2-1 is unclean 
with shale intercalations; however, as the zone becomes deeper towards 
the well 32/4-1, the sands are cleaner with a high level of cementation. 
Few high density, high-velocity points indicate thin carbonate lamina-
tions. As expected, the formation possesses overall low porosity 
compared to the shallower Fensfjord and Sognefjord Formations. 

3.3. Seismic-derived reservoir properties 

The maximum magnitude of reservoir parameters extracted from the 
inverted seismic data within the respective interval of Sognefjord, 
Fensfjord, and Krossfjord formations showed that the best sand 
(Vsand>0.9 or Vsh<0.1) is present in the east with a north-south strike 
(Fig. 12a–c). This feature is very prominent in the Sognefjord Formation 
(Fig. 12a), which seems to shift southwards in the deeper Fensfjord and 
Krossfjord Formations (Fig. 12b–c). The porosity calculated using 
Equation (4) shows a systematic decrease from east to west in all the 
three Sognefjord, Fensfjord, and Krossfjord formations (Fig. 12a–c). 
Also, there is an overall porosity decrease from Sognefjord Formation to 
the deeper Fensfjord and Krossfjord Formations. The porosity estimated 
using the RhoB cube also shows a similar decrease of porosity in deeper 
formations, with Sognefjord Formation sandstone exhibiting the best 
overall porosity. The lateral change in porosity with depth within a 
formation is not so prominent in the PhiD attribute compared to Phi 
(Fig. 12a–c). 

The average magnitude of the reservoir properties has limitations 
owing to the low seismic resolution compared to the wireline logs; 
however, it may yield useful information. The Sognefjord Formation 
shows an average Vsh of ~0.3 that decreases in the northeast towards the 
well 32/2-1 (Fig. 13a). The sands are generally homogenous over the 
area. The average porosity in both Phi and PhiD calculations seems to be 
high (~0.28) in the middle of the area, which is somehow influenced by 
the NW-SE running faults. The average Vsh range within the Fensfjord 
Formation is similar to the Sognefjord Formation except for some high 
sand anomalies (Vsh~0.2) in the middle and southeast of the area 
(Fig. 13b). Both Phi and PhiD show higher porosity values (~0.28) in the 
middle of the area. The average Vsh in Krossfjord Formation is low 
(~0.20) in some patches, which possibly represent various sand bodies 
deposited in the area (Fig. 13c). The Phi calculations show a relatively 
better porosity in the northeast (~0.27), whereas the overall porosity in 
the PhiD map is low and patchy. 

The highest permeability (~2000 mD) in Sognefjord Formation lies 
in the east; however, the average permeability anomaly (<1000 mD) is 
exhibited in the middle and southeast of the area (Fig. 14a). Since 
permeability is derived from the porosity (Phi), there is a permeability 
distribution controlled by faults as in the case with porosity (Fig. 13a). 
The Fensfjord Formation permeability increases towards the east, 
manifested by both the maximum and average magnitude maps. The 
overall permeability values are, however, lower than the Sognefjord 
Formation permeability (Fig. 14b). The Krossfjord Formation 

Fig. 8. (a) Comparison between the inverted cube data extracted within a distance of 25 m around the two wells (32/4-1 and 32/2-1) with the properties obtained 
from well logs onto the AI, Vp/Vs plane (a) Vsh extracted from the prestack inversion, (b) VshGR points overlapping the inverted data points (gray), (c) Phi extracted 
from the inverted data using Equation 4, (d) Phi calculated from the inverted density cube, and (e) φe obtained using RhoB logs overlapping the inverted data points 
(gray). The inset in (a) does also show how the brine saturated sandstone will plot as the (1) shale content increase, (2) the amount of cement increase, (3) the 
porosity in the sandstone increase, (4) the effective pressure in the formation decrease and (5) the saturation of gas increasing relatively to the saturation of hy-
drocarbon within the sandstone (Avseth et al., 2005). 
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permeability in the maps show maximum and average magnitude 
permeability increasing towards the east; however, the overall values 
are lower than that of the Sognefjord and Fensfjord Formations 
(Fig. 14c). 

On a profile (inline-1266) from the Vsand (1-Vsh) cube, the cleanest 
sands (Vsh<0.1) are present on the easternmost part within the Sog-
nefjord Formation, whereas there are some lens-shaped bodies inter-
preted to be possible point bars within the lower part of the Krossfjord 
Formation (Fig. 15a). Occasional point bars are also present in the lower 
part of the Fensfjord Formation. Using the clean sand data points (with 
cutoff Vsh<0.1), 3D litho-bodies were generated (Fig. 15b). The bodies 
connecting the point bars assumed a shape interpreted to be deltaic. The 
north-south striking sand body, also exhibited in Fig. 12, is interpreted 

to be deposited in a shoreface/beach setting. A northward shift of the 
strike of the sand body from deep to shallow formations is evident here. 
These findings support previous studies where spit to the deltaic depo-
sitional environment was reported in Troll area for the Sognefjord, 
Fensfjord and Krossfjord formations (Dreyer et al., 2005; Holgate et al., 
2015). The Phi profile shows the highest overall porosity within the 
Sognefjord Formation (Fig. 16a), whereas the PhiD profile shows overall 
high porosity within both the Sognefjord and Fensfjord Formations and 
relatively low porosity within the Krossfjord Formation (Fig. 16b). One 
interesting feature in both Phi and PhiD attributes is that the porosity 
within the possible delta-related deposits/point bars is comparatively 
low. 

Fig. 9. Well log data from Top Draupne Formation to Top Brent Group color-coded with VshGR (a) GR, Vp, and RhoB values in well 32/4-1 plotted against depth. (b) 
RhoB-Vp crossplot (in well 32/4-1) with (red) contact cement line (Dvorkin and Nur, 1996), (blue stippled) constant cement line (Avseth et al., 2005), and (green) 
friable sand line (Dvorkin and Nur, 1996). The linear trend represents the data within Draupne Formation generated using Gardner’s equation. (c) Well 32/2-1 GR, 
Vp, and RhoB values plotted against depth. (d) RhoB-Vp crossplot (in well 32/2-1) with contact cement line (Dvorkin and Nur, 1996), constant cement line (Avseth 
et al., 2005), and friable sand line (Dvorkin and Nur, 1996). The spikes in Vp and RhoB (a and c) are possible carbonate cemented zones. (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 10. RhoB-Vp crossplots with contact cement line (Dvorkin and Nur, 1996), constant cement line (Avseth et al., 2005), and unconsolidated sand line (Dvorkin and 
Nur, 1996) for (a) Sognefjord Formation, (b) Fensfjord Formation and (c) Krossfjord Formation. 
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3.4. Smeaheia sandstone reservoirs as potential CO2 storage candidates 

The buoyancy trapping is the main process for CO2 storage during 
the injection and the subsequent early stage of storage (Riley, 2010). 
Therefore, CO2 injection is carried out at the base of the reservoir, and 
the plume moves laterally within the most permeable layers until it finds 
a vertical conduit to move vertically upwards. The plume behavior de-
pends on the subtle horizontal and vertical heterogeneities within the 
reservoir, which are adequately reflected in the physical properties. The 
lateral continuation of thin clay and silt layers or carbonate laminations 
may help lateral distribution of CO2 in the storage, until the plume finds 

a vertical permeable zone to move and accumulate below the caprock 
base. One example is the Sleipner GCS project, where the time-lapse 
seismic enables one to identify and delineate the migration path and 
subsequent accumulation of the CO2 plume (Chadwick et al., 2004). 
Therefore, predicting the CO2 plume behavior from seismic-derived 
properties in addition to the wireline log information is essential, 
keeping in mind the issues of the low resolution of seismic. 

The reservoir sandstones in the Smeaheia area appear to be sheet-like 
in the Vsand profile extending from the well 32/4-1 to 32/2-1 (Fig. 15a); 
however, looking at the logs, the sandstones exhibit coarsening upward 
cycles indicating progradation (Fig. 2b). The shoreface/beach deposi-
tional system prograded westwards, forming continuous sand sheets, 
can be potentially excellent reservoirs for geological CO2 sequestration. 
The shoreface sands seem to be shifting along the strike gradually 
northwards from the older Krossfjord to the younger Sognefjord For-
mations (Fig. 12a–c). Towards the west, there are possible deltaic sands, 
mainly in the Krossfjord Formation and partially in the Fensfjord For-
mation with the source possibly from the north. These sands are very 
clean but possess comparatively low porosity that could be attributed to 
a moderate level of cementation for being deep in stratigraphic suc-
cession, possibly with not enough chlorite coatings on the quartz grains 
(Ehrenberg, 1993). A further analysis focussing on the three reservoir 
sandstones is given below: 

3.4.1. Sognefjord Formation 
Minor shale beds separate the Sognefjord sandstones in both wells 

32/4-1 and 32/2-1 (Fig. 2b). The shales are somehow identifiable, 
especially in the east, towards well 32/2-1 in the Vsand cube, where the 
shale thickness is more than the seismic resolution (Fig. 15a). Our rock 
physics analysis indicates that while deposition, the sands were well 
sorted with high initial porosity. Since the eastern part of the area, to-
wards well 32/2-1, has always been within the mechanically compacted 
zone (Fig. 11b), the porosity and permeability are excellent, as evident 
in Figs. 12 and 14. The eastern side uplifted about 1300 m for being 
closer to the continental mass. The average porosity (both Phi and PhiD) 
is misrepresented as the interval average takes into account the effective 
shale porosity (φsh~0), which results in a reduction of the porosity where 
the shale thickness is above the seismic resolution. In the west, towards 
well 32/4-1, the formation experienced quartz cementation, especially 
the clean sandstones show a higher level of cementation (Fig. 10a). This 
implies that the western side has been exposed to a minimum temper-
ature of 70 ◦C at maximum burial depth, indicating a subsequent uplift 
of around 1100 m (Fig. 11a). The porosity in the western part is also 
good, as recorded in well 32/4-1 (Table 1) and also from the seismically 
derived porosities, i.e., Phi and PhiD (Figs. 12a and 13a). 

The 32/4-1 well core analysis (Martin and Lowrey 1997) shows fine 
to very fine-grained, well-sorted with moderate to good quality Sog-
nefjord sandstone (Fig. 17). The intermediate permeability (~602mD) 

Fig. 11. Uplift estimation by comparing the well log Vp data with that of reference sand and shale trends (Hansen et al., 2017; Marcussen et al., 2010; Mondol et al., 
2008b). A reference North Sea well with normal compaction and zero-uplift is also plotted (grey points). (a) The well 32/4-1 shows an uplift ~1100 m, (b) the well 
32/2-1 shows an uplift ~1300 m. RSF: Reference from the Seafloor, MC: Mechanical Compaction, CC: Chemical Compaction, TZ: Transition Zone. 

Fig. 12. TWT surface maps and maximum magnitude of reservoir properties 
extracted from the inverted cubes within (a) Sognefjord Formation, (b) Fensf-
jord Formation, and (c) Krossfjord Formation. 
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sandstone contains an open porosity network and good pore connec-
tivity (Fig. 17a). The undeformed muscovite mica flakes (Fig. 17a) 
indicate a low compaction level. The comparatively low permeability 
(~70mD) can be attributed to small pore sizes and associated narrow 
pore throats, although the sandstone owes abundant and well-connected 
porosity (Fig. 17b). The preferred orientation of elongated grains in-
dicates a comparatively higher compaction level. The high permeability 
sandstone (~4600 mD) contains slightly larger pores (up to 100 μm 
diameter) with excellent connectivity through widespread clean and 
open pore throats (Fig. 17c). A zoomed view of this high permeability 
sandstone reveals the presence of some pore-filling Kaolinite occasion-
ally located within a grain dissolution pore (Fig. 17d). The secondary 
porosity is generated through the dissolution of K-Feldspar grains and 
overgrowths (Fig. 17d). These samples are at the present depth of 
1241–1268 m (MDRKB), and the thin section images confirm that these 
sandstones lie mainly within the mechanical compaction zone with no 
significant influence of chemical compaction. Kaolinite clays do not 
swell as much as Smectites in the presence of water to reduce porosity 
and permeability. However, migration of clay grains could plug the 
pore-throats while a CO2 injection, potentially reducing permeability in 
a high amount of kaolinite-bearing sandstone (Aksu et al., 2015). 

The permeability barriers due to the presence of carbonate stringers 
(Fig. 9a and c) are too thin to detect on seismic-derived data, which may 
provide resistance in a vertical CO2 flow; however, these features can 

also help regulate the injected CO2 for better lateral distribution (Sundal 
et al, 2013, 2016). 

3.4.2. Fensfjord Formation 
The Fensfjord Formation sandstones also exhibit a sheet-like depo-

sition by the prograding shoreface; however, there are few sand bodies 
possibly of deltaic origin in the middle of the Smeaheia area (Fig. 12b), 
likely in the lower part (Fig. 15a). The overall porosity (>0.25) and 
permeability (~1000 mD) are good, generally increasing in the east 
towards well 32/2-1 (Table 1, Figs. 12b and 14b) for being within the 
mechanically compacted zone (Figs. 10b and 11b). However, the 
average porosity maps show high porosity in the middle due to the 
presence of low Vsh in that area (Fig. 13b). Similar to the Sognefjord 
Formation, there are carbonate related permeability barriers within the 
Fensfjord Formation (Fig. 9a and c), which could be helpful in a lateral 
CO2 distribution (Sundal et al, 2013, 2016). 

3.4.3. Krossfjord Formation 
The Krossfjord Formation sandstones are discontinuous, separated 

by several sand bodies (Figs. 12c and 13c). The southeastern corner of 
the area contains a prominent sand anomaly that is deposited possibly in 
a shoreface environment. In the west, the deposition is possibly delta 
related (Fig. 15a–b); however, these clean sands are quartz cemented, 
exhibiting a moderate porosity (Fig. 10c and 16a-b). The low gross 

Fig. 13. The average magnitude of reservoir properties extracted from the inverted cubes within (a) Sognefjord Formation, (b) Fensfjord Formation, and (c) 
Krossfjord Formation. 
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Fig. 14. The maximum and average magnitude of reservoir permeability extracted from the Phi cubes within (a) Sognefjord Formation, (b) Fensfjord Formation, and 
(c) Krossfjord Formation. 

Fig. 15. (a) Vsand profile (inline-1266) showing possible point bars where the sand is very clean (Vsh<0.1). (b) Sand bodies extracted using the clean sand data reveal 
two main depositional geometries, i.e., possible shoreface/beach and deltaic depositional environments. The shoreface/beach sands prograded westwards, forming 
continuous sand layers within all the three Sognefjord, Fensfjord, and Krossfjord formations accordingly (a). 
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thickness and N/G, high shaliness, moderate porosity, and permeability, 
uncertainties in the sand body connectivity make the Krossfjord For-
mation a less likely candidate for CO2 storage. 

3.5. Limitations and pitfalls 

Assuming a frequency of 40 Hz with an average seismic velocity of 
2600 m/s, the vertical seismic resolution around this depth is approxi-
mately 16 m in the Smeaheia area. Therefore, extracting meaningful 
reservoir properties in sandstones with thickness below the seismic 
resolution is challenging. The other limitation in our case was the 
absence of Vs logs in the zones of interest. Only ~40 m length of Vs was 
acquired in well 32/2-1 within the deeper Brent Group and Lunde 
Formation. A machine learning model trained on a Central North Sea 
database (Rahman et al., 2020) was used to extract Vs employing 
Random Forest (RF), neural network (NN), and K-Nearest Neighbors 
(kNN) against the available Vs log depths. We compared the synthetic 
logs generated from the Greenberg and Castagna (1992) and machine 
learning methods with the acquired Vs log within the same zone 
(Fig. 18). On the Lambda-Rho, Mu-Rho plane (Goodway et al., 1997), the 
synthetic trend from Greenberg and Castagna (1992) drifts towards the 
quartz pole with an increase in Lambda-Rho compared to the acquired 
Vs that leans towards the carbonate pole. This has implications on li-
thology inversion from seismic, as minerals, especially carbonate would 
have lumped in the quartz domain. However, the thickness of carbonate 
stringers within our zone of study in the Smeaheia area is generally 
below seismic resolution that provides confidence in our inversion 

results. It is evident here that the Vs generated using machine learning 
methods, particularly the neural network (NN) and K-Nearest Neighbors 
(kNN) yield better results compared to the Random Forest (RF) method. 
However, in our previous work (Rahman et al., 2020) the RF method 
showed better correlations within the Heather and Draupne Formation 
zones. Although in the present study, uncertainty related to the usage of 
right machine learning method exists, however, in other cases, the 
machine learning methods can be useful to generate synthetic Vs as 
input for seismic inversion. 

Our proposed equation (Eq. (3)) for calculating shale volume is 
meant only for low TOC shales. The maximum TOC in Draupne For-
mation in well 32/4-1 is 3% (NPD, 2020) that yields reasonable results 
with Equation (3). High TOC contents tend to pull the data point to-
wards "southwest" in an AI, Vp/Vs ratio plane, which in the presence of 
acquired Vs may require a different quantification approach. As the fluid 
and lithology extraction solutions are not unique, the rock physics-based 
deterministic methods have limitations. We are working to mitigate the 
data holes in extracted cubes (e.g., Fig. 16) and the inherent un-
certainties, using a stochastic approach. 

4. Conclusions 

We found Sognefjord Formation the best candidate due to a sheet- 
like continuous deposition and optimum reservoir properties for CO2 
storage in the Smeaheia area, with carbonate-related permeability bar-
riers considered helpful in the lateral distribution of injected CO2. The 
Fensfjord Formation was identified as the second-best quality reservoir 

Fig. 16. (a) Inline-1266 showing porosity (a) calculated from the inverted seismic data using Equation (4) and (b) calculated from the inverted RhoB cube. The delta- 
related sands (point bars) exhibit relatively low porosity in the profiles from both the porosity extraction methods. 
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with the sand layers having suitable reservoir properties for CO2 storage. 
The lower part of Fensfjord Formation comprises occasional deltaic sand 
deposition with possible lateral constrictions, which may pose a barrier 
for the injected CO2. 

A prograding shoreface possibly deposited the sands of Sognefjord, 
Fensfjord, and Krossfjord Formations. There is a prominent sheet-like 
sand distribution in the Sognefjord and Fensfjord Formations. The 
shoreface sand body also migrated along the strike towards the north 
gradually, from older Krossfjord to the younger Sognefjord Formations. 
The presence of various deltaic related sand bodies with uncertain 
lateral restrictions, low gross thickness, and moderate reservoir prop-
erties make the Krossfjord Formation the least suitable for CO2 storage. 
For all the three sandstone formations (Sognefjord, Fensfjord, and 
Krossfjord), the porosity and permeability are increasing in the east 
towards the well 32/2-1 for always being present within the mechani-
cally compacted zone. 

We infer the uplift in the west (towards the well 32/4-1) to be 
approximately 1100 m, whereas the uplift is 1300 m in the east (towards 
well 32/2-1). At maximum burial depth, the reservoir sandstones have 
been exposed to a temperature higher than 70 ◦C in well 32/4-1. 
Therefore, the Sognefjord Formation in well 32/4-1 exhibits partial 
quartz cementation for being exposed to such temperature. The level of 
cementation increases in the deeper Fensfjord, and Krossfjord Forma-
tions, deteriorating the porosity. 

The newly conceived equations for calculating Vsh and Phi from 
inverted seismic data yielded meaningful results despite the absence of 
acquired Vs logs. The resulted cubes were helpful in delineating the 
lateral changes in the reservoir sandstones; the vertical visibility was, 
however, dependent on the seismic resolution limitations. 

Our study signifies the usage of nonlinear equations to calculate the 
reservoir properties from the inverted seismic readily; however, we 

Fig. 17. Thin section images of sandstone at various depths (m MDRKB) of Sognefjord Formation core in well 32/4-1. (a) Intermediate permeability (~602mD) 
sandstone, (b) low permeability (70mD) sandstone, (c) high permeability (4600mD) sandstone. (d) A zoomed view of the high permeability sandstone (Modified after 
Martin and Lowrey, 1997). KA: Kaolinite, KFD: K-Feldspar Dissolution, KFO: K-Feldspar Overgrowth, and M: Muscovite. 

Fig. 18. Comparison of the acquired Vs with synthetic Vs generated using the 
Greenberg and Castagna (1992), and other selected machine learning methods, 
i.e., K-Nearest Neighbors (kNN), Neural Network (NN), and Random For-
est (RF). 
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recommend future work on a similar line using a stochastic approach to 
take into account the inherent uncertainties of the input parameters. 
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Abstract 
CO2 injection into a saline aquifer requires a viable caprock to arrest the vertical movement of the CO2 plume. 
Quantitative assessment of caprock integrity is often challenging because of uncertainties involved in the model input 
parameters. In this study, Draupne Formation's reliability as caprock is evaluated before CO2 injection by introducing 
a stochastic approach. We estimated both deterministic factors of safety and probabilistic failure values of different 
scenarios, and the results are compared. The probabilistic failure values are calculated using the First Order Reliability 
Method (FORM). Draupne formation shows a considerably low probability of failure with a high-reliability index in 
the initial stress condition. The sensitivity study reveals that the pore pressure and horizontal stress are the most crucial 
parameters and contribute two-thirds to failure probability. When the change of effective horizontal stresses in the 
reservoir is assumed considering the pore pressure change in the Troll field, this study shows that the field production 
may decrease the probability of shear failure. Moreover, the study indicates that the suggested probabilistic approach 
is critical in the presence of various uncertainties. However, the assumptions used in this study, especially the change 
in effective horizontal stresses within the reservoir, can be affected by other factors (e.g., stiffness contrast between 
reservoir and surroundings, geometrical effects, stress paths, etc.) and should be investigated further.   

Keywords: Caprock integrity; Caprock Reliability; Probability of failure; Draupne Formation; Smeaheia 

1. Introduction
Caprock assessment is a critical parameter in a CO2 
storage project because it prevents the vertical migration 
of fluids out of traps. The top seal commonly consists of 
fine-grained rocks, which have significantly small pore 
throat radii compared to the reservoir below and act as an 
impermeable layer due to exceptionally high capillary 
entry pressure. However, leakage occurs when the 
buoyancy pressure exceeds the capillary entry pressure. 
The capillary breakthrough is highly unlikely when the 
caprock consists of fine grain particles; instead, 
mechanical fracturing becomes the primary failure mood 
while the reservoir's pore pressure approaches the 
formation fracture strength [1]. The caprock failure risk 
significantly increases in the CO2 storage project because 
injecting CO2 into the saline aquifer will increase the 
reservoir pore pressure and affect the caprock's stress and 
strength. Therefore, seal strength characterization is 
necessary to prevent any CO2 leakage risk.  
The studied Alpha prospect is located in the Smeaheia 
area, northern North Sea, and investigated as a potential 
storage site by Equinor and Gassonova [2]. The main 
reservoir rocks comprise Upper Jurassic Sognefjord, 
Fensfjord, and Krossfjord formation sandstones, where 
the organic-rich Draupne and Heather Formation shales 
act as a caprock. Because of the significant amount of 
fine-grained sediments (i.e., clay minerals) in the caprock 
[3], the capillary breakthrough is very unlikely; hence, 
the injection-related top seal fracture is one of the main 
caprock failure risks in the Alpha prospect. However, 
estimation of caprock mechanical properties (i.e., 
brittleness) is very complex and uncertain. Moreover, the 

stress path changes due to injection are mostly unknown 
in a saline aquifer. In the presence of many uncertainties, 
the deterministic method of caprock analysis is 
somewhat questionable [4]; instead, a probabilistic 
approach is more suitable [5], [6]. Therefore, we 
conducted a probabilistic analysis to evaluate the 
Draupne Formation reliability as a caprock using the First 
Order Reliability Method (FORM). Comparison analysis 
between deterministic value and probabilistic assessment 
is also carried out. Moreover, the relative importance of 
different uncertain parameters is also evaluated. This 
probabilistic analysis technique for the subsurface 
structure is a new approach that was recently introduced 
by Rahman et al. [7] for fault reliability analysis. The 
hypothetical failure cases are evaluated to identify the 
reliability failure values to compare them with the in-situ 
probability of failure values. 

2. Geologic framework of the study area
The study area experienced two rifting events, possibly 
during the Permo-Triassic and the Late Jurassic to Mid-
Cretaceous times [8]–[10]. A wide basin with deep-
rooted faults and thick syn-depositional wedges was 
centered on the Horda Platform during the 1st rifting 
event. Several N-S trending faults were formed, which 
were believed to be rooted in Caledonian zones of crustal 
weakness [10], demarcating the area's structural 
elements. The Smeaheia area is bounded by two faults, 
where the Øygarden Fault Complex (ØFC) delineates the 
east, and the Vette fault outlines the western boundary 
shown in Figure 1a. In the Late Jurassic to Mid 
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Cretaceous time during the 2nd event, rifting and tilting 
activities shifted westward and assumed that weak 
stretching with the reactivation of major Permo-Triassic 
faults on the Horda Platform [8]–[13].  

Figure 1: Location map of the Horda Platform showing the 
major and minor faults with Troll Fields as reference. The 
contour lines represent the Draupne Formation thickness 
adapted from [3]. The red polygon against the Vette fault is the 
Alpha prospect (a). A generalized stratigraphic succession of 
the Horda Platform showing the Jurassic and Lower Cretaceous 
formations and the vertical distribution of the Upper Jurassic 
reservoir-caprock configuration is shown in well 32/4-1 (b). 

 The primary caprock Draupne Formation shale is part of 
the Viking Group, deposited in the Late Jurassic syn-rift 
time within the East Shetland Basin, the Viking Graben, 
and over the Horda Platform area [2]. The thickness of 
this formation varies significantly [3], which varies 
between 75 to 125 m within the Alpha prospect (Fig. 1a), 
while the well 32/4-1 (Alpha) penetrates 107 m thick 
Draupne shale. The formation consists of dark grey-
brown to black, non-calcareous, carbonaceous, 
occasionally fissile claystone deposited in an open 
marine environment with restricted bottom circulation 
and often with anaerobic conditions [14]. It is also 
characterized by high gamma-ray values (usually above 
100 API) due to high Uranium and TOC content. 
Interbedded sandstone and siltstone, as well as minor 
limestone streaks and concretions, are also present. 

Draupne Formation generally has a diachronous contact 
with the Heather Formation in the lower boundary. 
However, on the northern Horda Platform, Late Jurassic 
sandstones of the Sognefjord Formation mark the base of 
the Draupne Formation. The upper boundary of the 
Draupne Formation is usually characterized by 
Cretaceous rock (Cromer Knoll Group), which has a 
higher velocity and lower gamma-ray response than the 
over and underlying rocks [15] (Fig. 1b). 

3. Material and Method
Caprock structural reliability depends on the mechanical 
properties of that layer and the stress state of the area. 
Mohr-Coulomb failure criterion approach can evaluate 
caprock stability. This study assesses the Draupne 
caprock probability of failure by an analytical model 
defined by the Mohr-Coulomb failure criterion. The 
corresponding deterministic factor of safety values is also 
estimated for comparison. 

3.1 Model parameters 

The recent study suggested that a normal faulting regime 
with isotropic horizontal stress conditions is a reasonable 
stress model for the Alpha prospect [16]. Moreover, the 
extended leak-off test data in the studied area reveal that 
the vertical stress gradient is significantly higher than the 
horizontal stress, reflecting a normal faulting regime 
(Fig. 2). Therefore, the normal faulting with isotropic 
horizontal stress conditions was used in this study. The 
hydrostatic pressure gradient shown in Figure 2 was 
calculated using the depth profile from well 32/4-1 
drilled in the Alpha prospect. However, the vertical and 
horizontal stress profiles were estimated using the 
extended leak-off test (XLOT) data scouted from the 
Statoil Underground report [17].     

Figure 2: In-situ stress profile for the Alpha structure calculated 
using extended leak-off test (XLOT) data [17] indicating 
normal faulting regime with isotropic horizontal stress 
condition (adapted from [7]).   
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This study only focuses on the in-situ stress condition, 
and the dynamic CO2 injection effect is not considered. 
However, the pore pressure depletion scenario due to the 
possible communication with the hydrocarbon 
production in the Troll Field was analyzed. Maximum 4 
MPa depletion estimated by the Statoil studies was used 
as a case in this modeling work. However, we did not 
consider any stress path changes while running that 
scenario.  
Moreover, the theoretical failure scenario was analyzed 
to get a quantitative estimation of probability failure 
values compared to real cases. The caprock failure 
scenario was estimated by decreasing horizontal stress 
while the other parameters (i.e., vertical stress and pore 
pressure) remain in the initial condition. A summary of 
all cases is shown in Table 1, which were evaluated to 
estimate the Draupne caprock probability of failure.     

Table 1: Various caprock scenarios tested in this study. 

Assumptions 
Case-1 Initial stress condition 
Case-2 Depletion due oil/gas production from Troll 
Case-3 Caprock failure due to decreasing σ3 

The Mohr-Coulomb plots of the Draupne Formation for 
three cases are shown in Figure 3. The initial state stress 
condition (case-1) represents a relatively large distance 
between the Mohr circle, and Coulomb failure (Fig. 3a). 
The pore pressure depletion scenario (case-2) further 
shifts the circle away from the envelope by increasing the 
effective stresses (Fig. 3b). Moreover, the theoretical 
caprock failure plots show that the case-3 shear failure 
occurs at 550 σ1 plane (Fig. 3c). The theoretical caprock 
failure value for case-3 (σh

3) is estimated using the 
MohrPlotter software by selecting ‘failure by horizontal 
stress’ mode, and the horizontal stress value estimated 
was 10.57 MPa when the shear failure occurs.    
The laboratory test result of rock strength parameters 
(i.e., cohesion and friction angle) of the Draupne 
Formation were scouted [16]–[20] and also estimated 
from the wireline log. The compressional velocity (Vp) 
based empirical equation proposed by Horsrud [19] was 
used, which stated that: 

𝐶0 = 0.77𝑉𝑝
2.93    (𝛷 = 30 − 55%),       (1) 

where 𝐶0 is compressional strength in MPa and 𝑉𝑝 is in
km/s.  
In the model, the input parameters used are shown in 
Table 2. It should be noted that statistical information in 
the table is from a limited database and should only be 
used to test the methodology. It may represent the field 
condition. Five random variables such as vertical stress 
(σv), horizontal stress (σh), pore pressure (Pp), cohesion 
(S0), and friction angle (ϕ) are used to run the stochastic 
model where arithmetic average with standard deviation 
was used to define the ranges. However, for additional 
properties of case-2 and case-3 (i.e., Pp

2 & σh
3), the same 

standard deviation (i.e., like case-1) value was used 
(Table 2).  

Figure 3: Mohr-Columb plots with Draupne Formation 
failure surface: (a) initial reservoir stress state condition 
(case-1), (b) depleted scenario due to oil/gas production 
from Troll (case-2), and (c) shear failure scenario due to 
decreasing σ3 (case-3).  
Table 2: Input parameters for the model with the type of 
distribution and data sources. The superscript numbers in 
the parameters name represent as case numbers. Note the 
statistical information in this table is based on a limited 
database and should be used only to test the 
methodology. It may not represent the field conditions. 

Parameters Average Unit Standard 
Deviation 

Distribution 

σv 22.25 MPa 0.65 Normal 
σh1,2 16.85 MPa 0.95 Normal 
σh3 10.57 MPa 0.95 Normal 

Pp
1,3 10.48 MPa 1.32 Normal 

Pp
2 6.48 MPa 1.32 Normal 

S0 3.93 MPa 1.05 Log-
Normal 

ϕ 21.63 Degree 5.14 Normal 
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Standard deviation can indicate the data spread and might 
serve as a measure of uncertainty. For example, a small 
standard deviation value indicates clustered closely 
around the mean with more precision and vice versa. 
Moreover, most geological processes follow a normal or 
log-normal law [5]; thus, we assumed normal distribution 
for most of the properties except caprock cohesion in this 
study. A log-normal distribution was used for caprock 
cohesion assuming the parameter cannot be physically 
negative within three standard deviations of average. 

3.2 Model definition 

The reliability of a structural component depends on the 
uncertainties in load (S) and resistance (R), and if both 
are normally distributed, the failure probability might be 
assessed directly by the safety margin M and denoted as: 

𝑀 = 𝑅 − 𝑆,  (2) 

and the probability of failure may be assessed through: 

𝑃𝑓 = 𝑃(𝑅 − 𝑆 ≤ 0) = 𝑃(𝑀 ≤ 0),     (3) 

where M is normally distributed with parameters with the 
mean µ𝑀 = µ𝑅 − µ𝑆  and standard deviation 𝜎𝑀 =

√𝜎𝑅
2 + 𝜎𝑆

2. The failure probability may be determined by
the use of the standard normal distribution function as:

𝑃𝑓 = 𝛷 (
0−µ𝑀

𝜎𝑀
) =  𝛷 (−𝛽),   (4) 

where µ𝑀 𝜎𝑀⁄ = 𝛽  is called the safety/reliability index,
which is the standard deviation by which the mean value 
of the safety margin M exceeds zero or most likely 
exceeds the failure point (Fig. 4a). However, if the 
resistance and the load cannot be described by only two 
random variables but rather by functions of the same 
random variables and statistically dependent, the safety 
margin M will be: 

𝑀 = 𝑅 − 𝑆 =   𝑓1(𝑋) − 𝑓2(𝑋) = 𝑔(𝑋),  (5)                                                                       

where X is a vector with n so-called basic random 
variables, the function g(X) is denoted as the limit state 
function, which is a boundary between desired (g(X) >0) 
and undesired (g(X) ≤ 0) performance of any structure 
and defined within a mathematical model for 
functionality and performance [21]. In this study, the 
Mohr-Coulomb failure criteria-based limit state function 
was considered. Assuming isotropic horizontal stress 
condition within a normal faulting regime, the factor of 
safety (FoS) is defined as: 

𝐹𝑜𝑆 =
[(

𝜎1
′ +𝜎3

′

2
)+

𝑆0
𝑡𝑎𝑛𝜙

]𝑠𝑖𝑛𝜙

𝜎1
′ −𝜎3

′

2

,             (6) 

𝜎1
′ = 𝜎1 − 𝑝𝑝,    (7) 

𝜎3
′ = 𝜎3 − 𝑝𝑝,      (8) 

where, 𝜎1
′ is effective vertical stress, 𝜎1 is vertical stress,

𝜎3
′  is effective horizontal stress, 𝜎3  is horizontal stress,

𝑝𝑝 is pore pressure,  S0 is cohesion, and ϕ is friction angle.
The state of the structure is safe when the factor of safety 
is greater than 1 and fails when it is less than 1. Therefore, 
the limit-state function defines as: 

𝑔(𝑥) = 𝐹𝑜𝑆 − 1,     (9) 

where, g(x) is the limit-state function which is the 
boundary between safe (g(x) >0) and failure (g(x) ≤ 0) 
state. 
The First Order Reliability Model (FORM) was used to 
estimate the failure probability of Draupne caprock. This 
method was proposed by Hasofer and Lind [22] and 
widely used in practical engineering problems [6], [23]. 
This method linearizes the failure surface (g(z)) at a 
design point z* where the shortest distance is called the 
reliability index (β) and normal vector direction to the 
failure surface denoted as α (Fig. 4c). However, the 
inaccurate result could be estimated if the linearization 
design points are not correctly selected. Moreover, the 
reliability index value is also used as a performance 
indicator and directional vector to describe the random 
variables' relative importance. We analyzed this 
sensitivity factor to identify the significance of each 
parameter used in the model.  
The Python-based open-source structural reliability 
analysis module PyRe [24] was used to initiate and run 
the FORM models. PyRe has been created using the core 
function of the Finite Element Reliability Using Matlab 
(FERUM) project, which is very flexible and extensive, 
making it applicable to a large number of problems. 
Other software such as MohrPlotter version-3 and Excel 
2016 were also used for the Mohr-Coulomb plot and 
sensitivity plots, respectively.  
The probabilistic reliability analyses deal with the 
structural uncertainties, provide a rational framework, 
and have a different approach than the deterministic 
estimation [6]. Although the failure probability approach 
is widely used for engineering purposes, it is new for 
caprock characterization. Therefore, a comparison 
between deterministic safety factors with the probability 
of failure was also analyzed. Such a comparison will help 
to understand caprock failure probability values.   
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Figure 4: Structural reliability concept and model 
definition: (a) Gaussian distribution of the probability 
distribution function of safety margin M showing the 
failure and safe events modified after Faber [23], (b) limit 
state function g(X) stated in the physical space using two 
random variables (X1 and X2), and (c) after normalizing 
the random variables into standardized normally 
distributed variable (Z1 and Z2) with the design point z* 
and reliability index β. Note that the grey shaded area 
denoted the failure domain (modified after Madsen et al., 
[25]).  

4. Results
The deterministic and probabilistic failure values with 
corresponding reliability index (β) are summarized in 
Table 3. In the in-situ stress condition (case-1), the 
Draupne Formation probability of failure (PoF) is 1.38E-
08, while the factor of safety (FoS) shows a value of 2.60. 
However, the depleted scenario (case-2) due to Troll 
Field production decreases the failure probability number 
(<3.0E-08). The safety factor also increases from 2.60 to 
3.16. Although the FoS increases from case-1 to case-2, 
the increase is not significant compared to PoF. 
Moreover, the reliability index value also increases from 
case-1 to case-2. The FoS for theoretical shear failure 
scenario (case-3) shows caprock failure by representing 
a value=1. The corresponding PoF and β value showed 
2.42E-02 and 1.97, respectively.       

Table 3: Deterministic factor of safety (FoS) and the probability 
of failure (PoF) of different cases. Corresponding reliability 
index (β) values are also shown. 

FoS PoF β 
Case-1 2.60 1.38E-08 5.56 
Case-2 3.16 <3.0E-08 <5.0 
Case-3 1.00 2.42E-02 1.97 

The comparative analysis between deterministic and 
probabilistic sensitivity gives a unique opportunity to 
explain the reliability of the proposed method (i.e., 
FORM). The deterministic sensitivity was estimated 

using the ‘one variable at a time’ (OVAT) technique [26], 
[27], where each input parameter is alternatively assigned 
its minimum and maximum values when the other 
parameters are fixed to their mean values. The 
parameters ranges used are summarized in Table 4. 
The tornado diagram of case-1 (Fig. 5) illustrated that the 
initial horizontal stress (σh

1) has the most significant 
impact on the factor of safety than the rest of the input 
parameters. Moreover, initial vertical stress (σv) and 
Cohesion (S0) have significant influences.  

Table 4: Minimum and maximum values used in the 
deterministic sensitivity analysis. 

Parameter Value Range 
Initial vertical stress (σv) 21.60 - 22.90 (MPa) 
Initial horizontal stress (σh1) 15.90 - 17.80 (MPa) 
Pore Pressure (Pp

1) 9.16 - 11.80 (MPa) 
Cohesion (S0) 2.88 - 4.98 (MPa) 
Friction angle (ϕ) 16.49 - 26.770 

Figure 5: The tornado diagram of the case-1 scenario illustrated 
the relative importance of the input parameters. 

The relative design sensitivity factor or the relative 
importance factors (α) are often referred to as 
probabilistic sensitivity and indicate the effect of each 
parameter on the reliability function [28]. This is very 
useful for the ranking of random variables and obtained 
by performing several probabilistic analyses and treating 
every individual parameter as a deterministic variable in 
each study [29], [30]. A positive value indicates a direct 
relationship between the variable’s value and the 
response, while a negative sensitivity suggests an inverse 
relation. However, the square of each sensitivity factor 
(𝛼𝑖

2) is a measure of its contribution to the probability,
and the sum is equal to 1. The relation between the input 
parameters with the probabilistic response is illustrated 
in Figure 6, where pore pressure and friction angle show 
a direct connection with the result, and horizontal stress 
and cohesion suggested an inverse relation. However, the 
vertical stress showed a significantly low positive value 
(approximately zero) and indicated insignificance 
contribution during the calculating probability of failure. 
Figure 7 display the relative contribution of each input 
parameter within different cases. The failure probability 
using the FORM technique mainly depends on the 
horizontal stress, pore pressure, and cohesion, in which 
pore pressure is the most significant. A substantial pore 
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pressure influence was observed in case-2 (i.e., 60%), 
which is a depleted scenario due to Troll Field 
production. A gentle contribution of friction angle is 
illustrated in case-1; however, there is very little impact 
in the rest of the cases.     

Figure 6: Sensitivity factor (α) in the probabilistic analysis of 
Draupne Caprock shale using FORM showing the relations 
between random input variables and the responses.  

Figure 7: Square of each factor (α2) showing the contribution 
variation to the probability failure analysis within different 
cases.  

5. Discussion
The input parameters used for caprock failure analysis 
are often highly uncertain, and the deterministic safety 
factor does not reflect the corresponding failure 
probability [6]. The approach used in this study can 

integrate all the possible uncertainties by adding the 
ranges and probabilistically estimating the structural 
reliability. For example, case-2 failure probability 
significantly decreases the chances of failure compared 
to case-1, while the increase of safety factor is 
insignificant (i.e., from 2.6 to 3.16). Therefore, the 
probabilistic reliability analysis for subsurface structures 
could be a useful tool to incorporate the parameter 
uncertainties and quantify the failure risks. However, the 
probabilistic method is susceptible to the input parameter 
ranges and should be defined very carefully. For instance, 
in this analysis, the standard deviation value defined for 
σv and σh is only 3% and 6% of the average value, 
indicating these properties are not very sensitive and lead 
to a significantly low PoF, and β value (Table 3). 
Moreover, the insignificance relative contribution of σv

might be the effect of the uncertainty range. Therefore, 
the emphasis is needed to define the uncertain parameters 
range before use as an input parameter in the failure 
probability model.     
The reliability index and probability of failure in any 
structure are a relative measurement of the current 
condition and provide a qualitative estimation of the 
expected performance [31]. However, integrity analysis 
of caprocks presents under certain pressure, and 
temperature conditions are very complex. Although our 
modeling approach considers various pressure 
conditions, the temperature effect on caprock mechanical 
behavior is beyond the scope. Moreover, the variation 
between the deterministic and probabilistic sensitivity 
indicates that further analysis is needed to examine the 
method's reliability. The model used in this study is a 
novel approach for caprock failure characterization; 
hence, there are no published charts for standard. 
However, this method is widely used in geotechnical 
engineering, and we compare our result with the expected 
performance range for embankment shown in Table 5 
[31]. According to the chart, the in-situ condition (case-
1) and depleted scenarios (case-2) are above the highest
performance level (High). However, the theoretical
failure case does not represent the same reliability index
value and is classified as Poor (case-3). The probability
of unsatisfactory performance illustrated that for case-3,
24 of every 1000 would result in a failure event. The
failure events are significantly different from the
theoretical failure due to decreased horizontal stress and
pore pressure changes. However, the unsatisfactory
performance number of the in-situ stress scenario (case-
1) is only 13 out of 109 runs, making this case safer.

Table 5: The defined performance level with corresponding 
unsatisfactory events and reliability index values adapted from 
U.S. Army Corps of Engineers [31].  

Expected Performance 
Level 

Probability of 
Unsatisfactory 
Performance 

Reliability 
Index (β) 

High 0.0000003 5.0 
Good 0.00003 4.0 
Above average 0.001 3.0 
Below average 0.006 2.5 
Poor 0.023 2.0 
Unsatisfactory 0.07 1.5 
Hazardous 0.16 1.0 
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6. Conclusion
The probabilistic estimation of the Draupne Formation 
caprock's reliability is the critical condition for a 
successful Alpha prospect CO2 injection site. This study's 
outcomes proved to be a valuable approach when several 
uncertainties are present. However, it needs a careful 
investigation to define the parameter ranges before using 
them as model input. The main observations of this study 
are as follows: 
 In the initial condition, the reliability of Draupne

caprock shales is excellent, with a very low chance
of mechanical failure. Moreover, considering the
Troll Field depletion scenarios, the failure
probability decreases significantly.

 Pore pressure and friction angle directly relate to the
probabilistic response, while horizontal stress and
cohesion have an inverse relation. Overall, pore
pressure and horizontal stress are the main
contributors to the probability of failure value.

 Although there is a similar increasing or decreasing
trend between deterministic and probabilistic values
of different cases, the variations are significant in the
probabilistic approach.

This study indicates that the Draupne Formation can be a 
safety barrier during CO2 injection into the Alpha 
prospect. Nevertheless, it should be perceived that this 
study has focused on the feasibility of the methodology 
rather than the field evaluation. The injection-related 
potential risks can be affected by other factors (e.g., 
stiffness contrast between reservoir and surroundings, 
geometrical effects, drainage condition, stress paths, etc.) 
and need to be evaluated further with a better assessment 
of the statistical input and the numerical simulation. 
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Seismic-derived geomechanical properties of potential CO2 storage 
reservoir and cap rock in Smeaheia area, northern North Sea

Abstract
Geologic CO2 storage site selection requires reservoir, seal, 

and overburden investigation to prevent injection- and storage-
related risks. Three-dimensional geomechanical modeling and 
flow simulation are crucial to evaluate these mechanical-failure-
related consequences; however, the model input parameters are 
limited and challenging to estimate. This study focuses on geo-
mechanical properties extracted from seismic-derived elastic 
property cubes. The studied reservoirs (Middle Jurassic Sognefjord, 
Fensfjord, and Krossfjord formation sandstones) and cap rocks 
(Heather and Draupne formation shales) are located in the 
Smeaheia area, northern North Sea, and are evaluated for a 
potential CO2 storage site. From the elastic property cubes, i.e., 
acoustic impedance, P- to S-wave velocity ratio, and bulk density, 
we obtained geomechanical property cubes of Young’s modulus, 
Poisson’s ratio, shear modulus, lambda-rho, and mu-rho. 
Petrophysical property cubes such as porosity and shale volume 
were also available and were extracted from the elastic property 
cubes using deterministic methods. We evaluated the geomechani-
cal properties to observe their relationship with depth, compaction/
cementation, and petrophysical properties to characterize the cap 
and reservoir rocks. We found good coherence between the geo-
mechanical and petrophysical properties and their relationship 
with compaction as a function of depth. The brittleness analyses 
using elastic property crossplots reveal that both the cap and 
reservoir rocks are mainly ductile to less ductile, posing lower 
fracturing risk during CO2 injection. This also indicates lower 
risks of associated microseismic and possible CO2 leakage.

Introduction
Geologic CO2 storage (GCS) into a saline aquifer is one of 

the many solutions for reducing anthropogenic greenhouse gas 
emissions into the atmosphere (IPCC, 2014). This method has 
been demonstrated as a safe and reliable solution and is well docu-
mented by the Intergovernmental Panel on Climate Change (IPCC) 
and the International Energy Agency. In partnership with the 
industry, the Norwegian government has developed a strategy to 
evaluate potential large-scale (gigatonne storage potential) storage 
sites for CO2 sequestration in the Norwegian Continental Shelf. 
The Smeaheia area is one of the potential sites, where Sognefjord, 
Fensfjord, and Krossfjord formation sandstones are the main 
reservoir rocks, and Draupne and Heather formation shales are 
the primary cap rocks (Figure 1). For evaluating a potential GCS, 
the storage and capping viability are critical and require proper 
investigation. It is essential to know the vertical and horizontal 
variations in reservoir properties (for instance, porosity and perme-
ability) to predict the behavior of an injected CO2 plume and its 

Manzar Fawad1, Md Jamilur Rahman1, and Nazmul Haque Mondol1,2

migration upward to the base of the reservoir seal (Chadwick et al., 
2004; Riley, 2010). A simulation in a 3D geomechanical model 
can be a possible way to assess the plume behavior, changes in rock 
mechanical properties, and the associated potential risks. However, 
making a simulation model by stochastically distributing various 
properties from well-log data will not reflect the reservoir’s het-
erogeneities. Therefore, it is crucial to obtain reservoir properties 
using 3D seismic in addition to well-log data.

Extracting reservoir properties from seismic data has always 
been an objective of geophysicists since commercial seismic has 
been used for hydrocarbon exploration (Yenwongfai et al., 2017a; 
Fawad et al., 2020a). Lindseth (1972) put forward a new processing 
method, displaying and interpreting seismic data that were mainly 
the inverse of producing seismograms from borehole sonic logs. 
Following Lindseth’s steps presently, various types of seismic 
inversion algorithms exist, including colored impedance inversion 
(Lancaster and Whitcombe, 2000), simultaneous amplitude 

1University of Oslo, Oslo, Norway. E-mail: manzar.fawad@geo.uio.no; m.j.rahman@geo.uio.no; m.n.h.mondol@geo.uio.no.
2Norwegian Geotechnical Institute, Oslo, Norway.

https://doi.org/10.1190/tle40040254.1

Figure 1. (a) Location of the CO2 storage site Smeaheia, offshore Norway. Inset map is modified after 
Olesen et al. (2010). (b) A southwest–northeast-running inline 1066 of 3D survey GN1101 over the 
Smeaheia area showing the Alpha and Beta prospects and other regional structures delineated by the 
key surfaces. Both the dry wells (32/4-1 and 32/2-1) are shown on the seismic section. 
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variation with offset inversion (Ma, 2001; Hampson et al., 2005), 
and joint facies-based impedance inversion (Kemper and Gunning, 
2014). This process can run in both poststack and prestack seismic 
data, employing deterministic or stochastic methods and with or 
without a background low-frequency model. The rock properties 
generally are extracted from inverted elastic properties using 
rock-physics models (e.g., Dvorkin and Nur, 1996; Avseth and 
Ødegaard, 2004).

The reservoir properties obtained from seismic inversion are 
an amicable solution, and after well calibration, they can be used 
as an input for the geomechanical model (Herwanger and 
Koutsabeloulis, 2011; Yenwongfai et al., 2017b, 2018). The CO2 
storage in geologic formation has geomechanical implications, 
including reservoir stress-strain and microseismicity, borehole 
stability, cap-rock sealing integrity, and the potential for fault 
reactivation and related seismic events (Rutqvist, 2012). The geo-
mechanical properties obtained from seismic can be evaluated 
further using crossplots (Goodway et al., 1997; Perez Altamar and 
Marfurt, 2014) in addition to the geomechanical simulation.

This research focuses on extracting and analyzing the reservoir 
and cap-rock geomechanical properties (e.g., Young’s modulus, 
Poisson’s ratio, shear modulus, lambda-rho, and mu-rho) from 
seismic and well-log data. The results will be used to develop and 
calibrate the field-scale 3D geomechanical model for the potential 
CO2 storage site Smeaheia in the northern North Sea.

Geology of the study area
The Smeaheia area is located at the northeastern edge of the 

northern North Sea on the Horda Platform (Figure 1). Two struc-
tural closures, Alpha (32/4-1) and Beta (32/2-1), for potential CO2 
storage are bounded by major faults — Vette fault (VF) in the west 
and Øygarden fault complex (ØFC) in the east. The Alpha structure 
is located in the footwall of the VF, whereas the Beta structure is 
located in the hanging wall of the ØFC (Rahman et al., 2020). 

Considering only the Sognefjord Formation sandstone (i.e., good 
quality reservoir unit), both structures have a significant storage 
capacity potential of roughly 100 Mt each (Statoil, 2016). The 
reservoir and cap rock belong to the Viking Group that deposited 
in the Middle to Upper Jurassic time (Figure 2a). The Sognefjord, 
Fensfjord, and Krossfjord formations comprise reservoir sandstone 
units. The Sognefjord Formation is overlain by the Heather and 
Draupne formation shales, the potential cap rocks in the area, with 
combined thickness ranging from 79 to 129 m. The Sognefjord 
Formation thickness ranges from 68 to 110 m based on wells 32/4-1 
and 32/2-1, respectively (Figure 2b). The formation comprises 
coastal-shallow marine, medium- to coarse-grained, well-sorted, 
friable, locally micaceous, and minor argillaceous sandstone. The 
middle reservoir unit (i.e., Fensfjord Formation) is 103 to 229 m 
thick; the sandstones are fine to medium grained, well sorted, and 
moderately friable to consolidated containing shale intercalations. 
The lowest unit (i.e., Krossfjord Formation) is 47 to 72 m thick, 
with medium- to coarse-grained, well-sorted, and loose to friable 
sandstone. The bioclastic material and occasional carbonate cemented 
bands occur in all three reservoir sandstones.

The Heather Formation shale interfingers with sandstones of 
the Krossfjord, Fensfjord, and Sognefjord formations (Figure 2b) 
and consists mainly of silty claystone with thin streaks of limestone, 
occasionally becoming highly micaceous grading into sandy 
siltstone (NPD, 2020). The Draupne Formation shale (the main 
cap rock) is deposited in a marine environment with restricted 
bottom circulation, mostly under anaerobic conditions (NPD, 
2020). It comprises dark gray-brown to black, usually noncalcare-
ous, carbonaceous, and fissile claystone and is characterized by 
high gamma ray radioactivity (often above 100 API units).

Method
A 3D seismic volume GN1101 (full and angle stacks) covering 

the Smeaheia area, wireline log data from two exploration wells 
32/4-1 (Alpha) and 32/2-1 (Beta), and 
the elastic property cubes inverted from 
the 3D seismic GN1101 were available 
for the study. These cubes were gener-
ated using a simultaneous inversion on 
the partial seismic stacks to obtain the 
acoustic impedance, P- to S-wave veloc-
ity ratio (VP /VS ), and density (RHOB) 
in our complementary work, followed 
by reservoir property cubes extraction 
(M. Fawad et al., personal communica-
tion, 2020). These reservoir properties 
were the volume of shale (Vsh) and 
porosity (Phi) cubes. In the present 
study, we generated Young’s modulus 
(E), Poisson’s ratio (ν), shear modulus 
(mu), lambda-rho, and mu-rho cubes 
using well-established relations docu-
mented in the literature (Goodway et 
al., 1997; Smidt, 2009; Perez Altamar 
and Marfurt, 2014; Simm and Bacon, 
2014) to evaluate the reservoir viability. 

Figure 2. (a) A generalized Early Jurassic to Early Cretaceous stratigraphic succession in the study area (modified from Halland et al., 2014).  
(b) A west to east stratigraphic correlation between the wells 32/4-1 and 32/2-1 is flattened on Top Draupne Formation (primary seal). The 
potential reservoir Sognefjord, Fensfjord, and Krossfjord formation sandstones show several prograding cycles.
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Comparing the seismic-derived geomechanical properties with 
the same parameters obtained from well-log data showed a good 
agreement, confirming the process’s adequacy (Figure 3). 

We generated a function to convert the dynamic to the static 
Young’s modulus such that in the near surface, Estatic ≈ 1/5Edynamic, 
and at depth, Estatic ≈ 1/3Edynamic (Herwanger and Koutsabeloulis, 
2011). Static Poisson’s ratio was assumed to be equal to dynamic 
Poisson’s ratio (νstatic ≈ νdynamic).

Results
Seal and reservoir rock comparison. Using the template proposed 

by Perez Altamar and Marfurt (2014), we generated Poisson’s ratio 
and Young’s modulus crossplots. We used the geomechanical and 
petrophysical data extracted from the seismic-derived elastic proper-
ties corresponding to the seal (Heather and Draupne formations) 
and the reservoir units (Sognefjord, 
Fensfjord, and Krossfjord formations). 
The seal or cap-rock points fall within 
the high Poisson’s ratio, low Young’s 
modulus domain, whereas the reservoir 
sands plot at the low Poisson’s ratio and 
high Young’s modulus area (Figure 4a). 
The data show a strong trend of increas-
ing Young’s modulus values with decreas-
ing Poisson’s ratio. This trend demon-
strates the limitation of using a synthetic 
shear-wave velocity (VS) log for prestack 
inversion (M. Fawad et al., personal 
communication, 2020).

The rise in shear modulus indicates 
increasing rock strength due to compac-
tion and possible quartz cementation 
(Figure 4b). The highest mu values in 
Figure 4b are evident in the reservoir 
sandstone points (Figure 4c) with the 
highest Young’s modulus values. The 
porosity decreases with an increase in 
Young’s modulus and a decrease in the 
Poisson’s ratio (Figure 4d). Overall, the 
cap-rock shale points plot within the 
“ductile” zone, whereas the reservoir 
sands spread from ductile to “less-
brittle” regions depending on porosity 
and the volume of shale and compac-
tion/cementation level (Figure 4).

Perez Altamar and Marfurt (2014) 
demonstrate the utility of lambda-rho–
mu-rho rock-physics templates for 
lithology characterization and brittle-
ness correlation with rock properties. 
Using this template, lambda-rho–mu-
rho were crossplotted corresponding to 
the seal (Draupne and Heather forma-
tions) and reservoir (Sognef jord, 
Fensfjord, and Krossfjord formations) 
units (Figure 5). The plot shows two 

distinct seal and reservoir clusters merging at the lambda-rho 
values between 20 and 25 (GPa × g/cm3) (Figure 5a). Generally, 
both of the clusters fall within the “less-ductile” area, except for 
few points plotting within the less-brittle domain with relatively 
high shear modulus values (Figure 5b). These less-brittle points 
are clean sands (Figure 5c) with low porosities (Figure 5d).

Reservoir rock formations. Now we focus on the reservoir 
formation zones, first using the Perez Altamar and Marfurt (2014) 
Poisson’s ratio versus Young’s modulus crossplot corresponding to 
the reservoir sandstones of Sognefjord, Fensfjord, and Krossfjord 
formations. The shallowest reservoir, i.e., the Sognefjord Formation, 
mostly plots within the “ductile” area, whereas the deepest 
Krossfjord Formation reservoir generally falls within the less-ductile 
zone (Figure 6a). Few Krossfjord Formation points plot within 
the ductile and less-brittle zones. The Krossfjord data that plot in 

Figure 3. Comparison between the inverted cube data extracted within a distance of 100 m around the two wells (32/4-1 and 32/2-1) and the 
properties obtained from well logs onto the Poisson’s ratio–Young’s modulus plane. (a) Data from seismic color-coded with Vsh extracted from 
the prestack inversion. (b) Data from well log overlapping the seismic-derived data points (gray).

Figure 4. Poisson’s ratio versus Young’s modulus crossplot color-coded with (a) seal/reservoir classification, (b) shear modulus (mu), (c) volume 
of shale (Vsh), and (d) porosity (phi).
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and Krossfjord formation sandstones gives an insight into the 
elastic property limits of these zones (Figure 7a). Almost all of 
the data plot within the less-ductile zone, except for some points 
falling within the less-brittle zone close to the less-ductile–less-
brittle boundary. The points with the highest shear modulus 
plotting within the less-brittle region show higher compaction 
and possible quartz cementation; however, the points with low 
mu values are possible data picked close to the Øygarden fault 

(Figure 7b). Some points with high Vsh 
values, possibly of interf ingering 
Heather Formation, tend to plot closer 
to the ductile zone (Figure 7c). The 
porosity trend shows a decrease in 
porosity with increasing lambda-rho 
and mu-rho (Figure 7d).

One can directly incorporate the 
seismic-derived petrophysical and geo-
mechanical properties in a geologic 
model for reservoir or geomechanical 
modeling (Figure 8). The model com-
prises the three sandstone reservoirs of 
Sognefjord, Fensfjord, and Krossford 
formations. There are clean sands with 
Vsh of approximately 20% in the eastern 
part of the area on the top around the 
well 32/2-1 and the lower part of the 
grid around the well 32/4-1 in the west 
(Figure 8a). There is a decrease in poros-
ity on the top surface (i.e., Top 
Sognefjord) from east to west as the 
upper part of sandstone (approximately 
4 m) becomes tight and silty toward well 
32/4-1. In contrast, the lower layers 
contain good porosities (Figure 8b). The 
seismic resolution at this depth 
(1200–1300 m) is approximately 16 m. 
The seismic was able to delineate this 
thin approximately 4 m upper zone by 
cumulating the overlying Heather 
Formation response. The vertical and 
lateral variations in static geomechanical 
properties (Young’s modulus and 
Poisson’s ratio) reflect changes in lithol-
ogy, porosity, compaction, and cementa-
tion (Figures 8c and 8d).

Discussion
The amount of strain a material can 

endure before a brittle failure depends 
on its ductility (Ingram and Urai, 1999). 
Ductility is a function of various factors 
such as lithology, confining pressure, pore 
pressure, temperature, and differential 
stress/strain ratio (Davis et al., 2011). In 
sedimentary basins, the confining pres-
sure increases with increasing burial 

Figure 5. The lambda-rho versus mu-rho crossplot color-coded with (a) seal/reservoir classification, (b) shear modulus (mu), (c) volume of shale 
(Vsh), and (d) porosity (phi). 

the less-brittle zone represent compacted or possibly quartz-
cemented sandstones having high shear modulus (Figure 6b). The 
Heather Formation shales that interfinger the reservoir sandstones 
(Figure 2a) plot within the “ductile” zone (Figure 6c), with the 
clean sands showing a decrease in porosity with a decrease in 
Poisson’s ratio and an increase in Young’s modulus (Figure 6d).

The lambda-rho–mu-rho crossplot with Perez and Marfurt 
(2014) classification corresponding to the Sognefjord, Fensfjord, 

Figure 6. Poisson’s ratio versus Young’s modulus crossplot color-coded with (a) reservoir formation classification, (b) shear modulus (mu),  
(c) volume of shale (Vsh), and (d) porosity (phi).
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We found a good agreement between the reservoir petrophysical 
properties and the geomechanical parameters. Young’s modulus 
increases (Figure 9) and Poisson’s ratio decreases with formation 
depth resulting in higher compaction and possible quartz cementa-
tion. A high volume of shale and high porosity exhibit high Poisson’s 
ratio and low Young’s modulus. The plume behavior mainly depends 
on the horizontal and vertical heterogeneities within the reservoir. 
These variations in the reservoir rocks are adequately reflected in 

Figure 7. The lambda-rho versus mu-rho crossplot data color-coded with (a) reservoir formation classification, (b) shear modulus (mu),  
(c) volume of shale (Vsh), and (d) porosity (phi). 

Figure 8. (a) Seismic-derived petrophysical and geomechanical properties incorporated in a geologic model grid. (a) Volume of shale (Vsh),  
(b) porosity (phi), (c) static Young’s modulus, and (d) static Poisson’s ratio. The model grid is vertically exaggerated, and the cells’ axes 
directions are different from the seismic cube orientation.

depth. Furthermore, temperatures above 
approximately 70°C lead to the onset and 
development of the chemical compaction 
(quartz cementation), resulting in stiffen-
ing and embrittlement of the rock.

Our complementary work (M. Fawad 
et al., personal communication, 2020) 
suggests that the quartz cementation is 
not severe in the area as the major part 
of the reservoir zones is present above the 
chemical compaction domain. The 
Heather and Draupne formation seal 
rocks are likely within the mechanical 
compaction zone in the area falling in 
the ductile zone in the Perez Altamar 
and Marfurt (2014) classification on the 
Poisson’s ratio–Young’s modulus 
crossplot. The Perez Altamar and Marfurt 
(2014) classification on the lambda-rho–
mu-rho crossplot showed a less-ductile 
grouping for the seal rocks. This implies 
that the Heather and Draupne formation 
cap rocks have a potentially lower risk of 
fracturing during CO2 injection, provided 
the pressure is lower than the fracture 
pressure of the cap rock.

In the case of the reservoir zones, a 
minor effect of cementation can be seen 
increasing from Sognefjord to the 
deeper Fensfjord and the deepest 
Krossfjord Formation (M. Fawad et al., 
personal communication, 2020). The 
Poisson’s ratio–Young’s modulus 
crossplot analysis with Perez Altamar 
and Marfurt (2014) classification shows 
that the high-porosity sands fall within 
the ductile zone, and with a decrease in 
porosity, the sandstone trend gradually 
moves from the less-ductile to less-
brittle zone. On the lambda-rho–mu-
rho crossplot with Perez Altamar and 
Marfurt (2014) classification, all three 
reservoir sandstone units plot mainly 
within the less-ductile zone with a few 
points falling in the less-brittle region. 
This implies that the reservoir sand-
stones in the area are not brittle, reduc-
ing fracturing risk during the injection. 
This also reduces the possibility of microseismic event generation. 
One should keep in mind that the stress state of a rock, the 
existence of planes of weakness, and pore pressure must be con-
sidered to predict fracturing in addition to the brittleness index 
(Herwanger et al., 2015). The Perez Altamar and Marfurt (2014) 
method, though, is region-specific; however, in our area, there 
are carbonates laminations only with thickness under seismic 
resolution; therefore, the classification we assume is useful.
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the petrophysical and geomechanical 
properties. In the Sleipner GCS project, 
for example, the time-lapse seismic 
enables us to identify and delineate the 
migration path and subsequent accumu-
lation of the CO2 plume with reasonable 
accuracy (Chadwick et al., 2004). 
Therefore, predicting the CO2 plume 
behavior in a model using seismic-
derived properties likely will yield better 
results, signifying the utility of 
geophysical methods.

Conclusions
Both the reservoir sandstones 

(Sognefjord, Fensfjord, and Krossfjord 
formations) and the seal/cap-rock 
shales (Heather and Draupne forma-
tions) are ductile to less ductile, lower-
ing the potential risk of fracturing and 
induced seismicity during CO2 injec-
tion. The geomechanical properties 
extracted using the seismic-derived 
elastic properties showed good agree-
ment with depth, lithology, porosity, 
and compaction/cementation. The information from seismic 
data reduces the uncertainties regarding large-scale geomechani-
cal properties and their distributions. We expect the geomechani-
cal model built using these properties will predict any critically 
stressed fault movement with expanding reservoir pressure and 
associated CO2 leakage. Further work is in progress using the 
geomechanical and petrophysical property cubes to make and 
calibrate a geomechanical model. 
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Summary 

The geomechanical behavior of shale caprock demonstrates the seal effectiveness, which is an 
essential part of any reservoir-seal system and equally important in both CO₂ injection and 
hydrocarbon explorations. Mineralogical compositions have a direct impact on the mechanical 
behavior of caprock though the whole process is very complex and depends on many other factors. In 
this study, we evaluate the caprock geomechanical properties of organic-rich Draupne Formation shale 
using core and cutting samples from six exploration wells (32/2-1, 32/4-1, 35/11-4, 15/3-8, 15/12-21 
& 34/4-3) in the northern North Sea, offshore Norway. Bulk mineral fractions are estimated using 
XRD, SEM and thin section analyses to calculate mineralogy based brittleness indices (MBI) using 
empirical equations. For comparison, an elastic property-based BI also estimated. Results show that 
the strong and soft mineral fractions varied significantly within the Draupne Formation which leading 
to different brittleness values within the studied wells. Moreover, significantly different brittleness 
values observed when compared to MBI and EBI. The well (15/3-8) penetrated the Draupne 
Formation at higher depth has comparatively low brittleness values due to maturation and generated 
hydrocarbon from the formation. Brittleness indices can be very useful but have to use carefully 
because of many other factors contribute combinedly. 
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Introduction 

Caprock shales consist mainly of clay and silt-sized particles (i.e., particles <62.5µm) in addition to 
other mineral constituents. Mineralogical composition and grain size of shales vary significantly (both 
vertically and laterally) within a basin due to the difference in depositional processes and diagenetic 
pathways (Hart et al., 2013). However, clay minerals are not always the dominant constituents in 
shales. Other minerals such as quartz, calcite, feldspar, pyrite, etc. can be present as fine-grained 
detrital grains or diagenetic minerals. Based on the mechanical strength, the mineral volume 
percentage can divide into stiff/brittle minerals (i.e., quartz, feldspar, carbonate, mica, and pyrite) and 
soft/ductile minerals (i.e., clay and TOC) (Jarvie et al., 2007, Wang and Gale, 2009, Jin et al., 2014 
and Rybacki et al., 2016). These variations of relative mineralogical proportions within shales 
significantly affect the caprock properties. The increase in stiff/brittle minerals increases brittle 
behavior that could result in a sudden failure/fracture of the caprock, while soft/ductile components 
have gradual deformation. Therefore, it is crucial to estimate mineralogical composition to evaluate 
mineral-based caprock geomechanical behaviors.  

Draupne Formation act as the primary caprock in the Upper Jurassic sandstone reservoir and consists 
of dark grey-brown to black, usually non-calcareous, carbonaceous, occasionally fissile claystone. The 
Draupne Formation deposited within the East Shetland Basin, the Viking Graben, and over the Horda 
Platform area (Fig. 1). The formation was deposited in an open marine environment with restricted 
bottom circulation and often with anaerobic conditions (NPD, 2019) and characterized by very high 
gamma-ray values (often above 100 API) because of its high Uranium content. Interbedded sandstone 
and siltstone, as well as minor limestone streaks and concretions, are also present throughout the 
formation. In the lower boundary, Draupne Formation generally has a diachronous contact with the 
Heather Formation. However, on the northern Horda Platform, Upper Jurassic sandstones of 
Sognefjord Formation mark the base of the Draupne Formation. The upper boundary usually marked 
by Cretaceous sediments, which have a higher velocity and lower gamma-ray response than the 
Draupne Formation (NPD, 2019). 

Figure 1 (a) Location map of the studied wells 15/3-8, 15/12-21, 32/2-1, 32/4-1, 34/4-3, and 35/11-4 
with structural elements and marked by oil/gas discoveries. (b) Jurassic and Lower Cretaceous 
stratigraphic succession in the Norwegian North Sea (modified from CO2 Atlas, 2014). The studied 
Upper Jurassic caprock section is marked by black color.  

Six wells covering Southern Viking Graben (SVG), Tampen Spur (TS) and Horda Platform (HP) are 
chosen for this study where the Draupne Formation in HP wells (32/2-1, 32/4-1 & 35/11-4) are within 
the mechanical compaction (MC) domain. The three other wells from SVG (15/3-8 & 15/12-21) and 
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TS (34/4-3) are in the chemical compaction (CC) domain. Furthermore, well 15/3-8 is divided into 
two subgroups named 15/3-8U and 15/3-8L due to the thick Intra-Draupne Formation sandstone in the 
middle. The thickness variations within the studied wells are significant and ranges between 18 m in 
well 35/11-4 and 258 m in well 34/4-3.  

Methods 

The lithologic variation of shales has a significant impact on the geomechanical behavior of the 
caprock. Based on the mineral fractions, caprocks behave differently. The addition of strong/brittle 
minerals increases brittleness, while weak/ductile components decrease brittleness. In this study, core 
and cutting samples of Draupne Formation from the studied wells are analyzed for mineralogy-based 
brittleness classification. The bulk fractions of brittle and ductile minerals are estimated from XRD, 
SEM and thin section analyses. Mineralogy-based Brittleness Indices (MBI) are the qualitative 
measurements of the rock ductility or the ability of the rock to crack or fracture known as fracability 
(Wang and Gale, 2009; Yang et al., 2013; Jin et al., 2014; Rybacki et al., 2016). Two MBIs are 
calculated using the empirical relations proposed by Jarvie et al. (2007) and a modified equation 
(suggested in this study). Jarvie et al. (2007) proposed quartz as the brittle mineral while carbonate 
and clay considered less-/non-brittle (MBI-1). However, considering available data and all the 
proposed MBI equations, the modified equation used quartz, feldspar, carbonate, and pyrite as brittle 
mineral while clay and TOC fractions are considered as ductile mineral (MBI-2). Moreover, to 
compare mineralogical and elastic property based brittleness indices, one brittleness index (EBI-1) 
based on elastic property is estimated using a new empirical equation (Fawad & Mondol, 2020, 
unpublished, personal communication). The input elastic properties for this equation are taken from 
the wireline logs (averaged one meter against a sample location).    

Results and discussion 

Mineral assemblages in a rock build the main framework which may be detrital or biogenic in origin. 
However, bulk mineralogical analysis tells us the total percentage of minerals without having any 
indication of origins. Fractions of ductile/soft and brittle/strong minerals define the geomechanical 
behavior of the caprock. In this study the bulk mineral fractions of Draupne Formation are divided 
into three clusters; i) strong quartz, feldspar, and pyrite (QFP), ii) soft clay and TOC and iii) carbonate 
(Fig. 2). The carbonate (calcite and dolomite) fractions within the study area are very low (<10%) 
compared to other mineral fractions which have a wide range of distribution. The higher percentage of 
soft minerals (>50%) found in wells 32/2-1, 32/4-1, 15/12-21, and 15/3-8L while strong minerals 
(>50%) found in wells 15/3-8U, 34/4-3 and 35/11-4. The highest and lowest soft minerals found in 
wells 32/2-1 and 35/11-4, respectively. The soft and hard mineral assemblages present in studied 
samples experienced both mechanical (MC) and chemical (CC) compaction (Fig. 2). Mineralogy-
based brittleness indices follow the mineral assemblages. The lower MBI values correspond to higher 
soft minerals present in wells 32/2-1, 32/4-1, 15/12-21 & 15/3-8L and vice versa (Fig. 3). The 
variations observed within MBI’s are due to the difference in hard/strong mineral fractions. The MBI-
1 is the representation of quartz while MBI-2 is representing the total strong minerals including 
carbonate. A very negligible difference observe between MBI-1 and MBI-2 in well 15/3-8 upper and 
lower samples while significant differences found in wells 34/4-3, 35/11-4, 15/12-21 and 32/2-1. 
However, comparing with elastic properties based brittleness indices (EBI-1) over- and under-
estimating samples are found in wells 15/3-8L, 34/4-3 and 35/11-4 (Fig. 3). For instance, the EBI-1 is 
significantly higher compared to MBI’s in wells 34/4-3 and 15/3-8L while markedly lower in well 
35/11-4.  

Caprock geomechanical behavior is a complex function of rock strength, lithology, texture, effective 
stress, temperature, fluid type (Handin and Hagar, 1957; Davis and Reynolds, 1996; Nygård et al., 
2006), diagenesis, and TOC (Wells, 2004).  The effect of depth on brittleness is compounded and can 
work in both ways (decreasing or increasing) because pressures, temperature, diagenesis, and TOC are 
functions of depth. However, the hydrocarbon within caprock reduces the brittleness by increasing 
pore pressure (Bjørlykke and Jahren, 2015). These are the possible causes behind the comparatively 
soft nature of chemically compacted Draupne shales in wells 15/3-8, 15/12-21 and 34/4-3. In contrast, 
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 mechanically compacted caprocks are mainly dependent on the rock composition and texture which 
heavily influence the compaction and hence the brittleness.   

Figure 2:  Ternary plot of brittle (quartz, feldspar, and pyrite), ductile (clay and TOC) and carbonate 
minerals found in Draupne Formation. Carbonate minerals are absent or very small fraction present 
in most of the samples. Brittle and ductile minerals fractions are distributed in a wide range within the 
studied wells. 

Figure 3: Calculated brittleness Indices (BI’s) of the studied samples using the mineralogy and elastic 
property based empirical equations. Note that the sample depth presented here is measured from the 
sea level (BSF), and exhumations in well locations are corrected (Hansen et al., 2019). 
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Conclusions 

A wide range of soft and hard mineral assemblages are found within the Draupne Formation, which 
reflects significant differences of mineralogical brittleness values within the studied wells. However, 
the elastic properties do not directly correlate with mineralogy due to the effect of chemical 
compaction/cementation, hydrocarbon generation, increase in pore pressure, etc. Overall, the 
geomechanical behavior of caprock is very complex when the rock is within the chemically 
compacted zone with TOC maturation while comparatively simpler when the rock experienced only 
mechanical compaction.    
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Summary 

Mineralogical composition and initial pore water chemistry affect the caprock properties 
significantly, which are critical factors to evaluate caprock quality. In this study, five exploration 
wells (31/3-1, 31/2-8, 32/2-1, 32/4-1, and 35/11-4) from the Horda Platform, northern North Sea, 
are analyzed to assess the Late Jurassic Draupne Formation organic-rich shale caprock 
properties. The Draupne Formation caprock is in the mechanical compaction zone with a varying 
thickness within the studied wells. We evaluated elastic properties using a rock physics template 
(Vp-density) while log shape pattern, mineralogical and petrographical analyses (XRD, SEM & 
thin section) were used to assess the depositional variations that controlled changes in rock 
compositions and grain size distributions. The difference in log pattern with different grain size 
and mineralogy reflected the depositional environment changes and shallow diagenesis (pyrite 
framboids abundance and distribution) confirmed the variations of initial pore water chemistry 
within the studied wells. These factors affect the elastic parameters analyzed in the rock physics 
cross-plots. The results show that the Draupne Formation shales, which have higher clay content 
and experienced low-intensity shallow diagenesis, are soft and more ductile compared to the 
zones with higher brittle mineral contents exposed to relatively severe shallow diagenesis.    

Introduction 

Mechanical and chemical compaction/cementation convert the clay particles into shales (Taylor 
and Macquaker, 2011), which are strongly influenced by the mineral composition and the 
sediment pore water chemistry (Hart et al., 2013). The mineralogical composition of shales 
(caprocks) vary significantly (both vertically and laterally) within a basin because of the changes 
of sediment sources (e.g., weathering intensity, climate, particle size) and depositional processes 
(e.g., seal level changes, tectonic subsidence, oceanic circulation patterns) throughout the 
geological time (Hart et al., 2013). These processes are leading to significant changes in 
mineralogy and texture of caprocks, which affect the elastic properties. The study area (Horda 
Platform) is located in the northern North Sea and bounded by Øygarden Fault Complex (ØFC) 
in the east, Lomre Terrace (LT) in the west, Uer Terrace (UT) in the north and Stord Basin (SB) 
in the south (Fig. 1). Several major deep-seated north-south trending normal faults (Vette, Tusse, 
Svartalv & Troll) and many other minor faults are present in the area. The Horda Platform area is 
tectonically complex, which influences the overall rock composition and fabric and affects the 
caprock effectiveness, which is essential for a successful and reliable CO2 storage project as well 
as hydrocarbon exploration. Therefore, a careful investigation of caprock elastic properties is 
necessary to prevent any CO2 leakage, or for a better understanding of the petroleum system in 
the area.  In this study, we characterize the effect of mineralogical variation due to depositional 
changes and shallow diagenetic processes on the caprock elastic properties in the Horda 
Platform, northern North Sea.  
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Figure 1: a) The study area showing the structural elements, major faults, and oil/gas discoveries within the 
studied wells, b) Jurassic and Cretaceous stratigraphic succession in the Horda Platform (modified from 
NPD CO2 Atlas, 2014).     

The Draupne Formation (the main caprock in the area) is a part of the Viking Group, deposited in 
Late Jurassic time within the Horda Platform area (Fig. 1b). This formation consists of dark grey-
brown to black, usually non-calcareous, carbonaceous, occasionally fissile claystone, which was 
deposited in an open marine environment with restricted bottom circulation and often with 
anaerobic conditions (NPD, 2019). It is characterized by high gamma-ray values (usually above 
100 API units) because of its Uranium content. Interbedded sandstone and siltstone, as well as 
minor limestone streaks and concretions, are also present throughout the formation.  

Based on the well location, geochemical data and availability of rock samples (both cores and 
cuttings), five wells from the Horda Platform area are selected for this study (Fig. 1a), out of which 
wells 31/3-1 and 35/11-4 have geochemical data (retrieved from NPD database, 2020). The 
Draupne Formation in wells 32/2-1, 32/4-1, and 35/11-4 are sampled and analyzed in this study. 
The reservoir sandstone (Sognefjord Formation) contains a thick gas column in well 31/3-1 (Troll 
East), and gas and oil columns in well 35/11-4 (Fram). Oil shows were recorded in well 31/2-8, 
whereas the other wells are dry (water wet). The caprock thickness varied significantly within the 
studied wells, ranging from 16 to 106 m in the wells 31/2-8 and 32/4-1, respectively. The Draupne 
Formation experienced a maximum temperature (exhumation corrected) ranging from 380C to 
530C (assuming a 300C/Km geothermal/temperature gradient). The temperature ranges indicate 
that the studied Draupne Formation in all five wells is within the mechanical compaction zone with 
various levels of compaction. Moreover, geochemical data from wells 31/3-1 and 35/11-4 (NPD, 
2019) suggests that the average TOC content in Draupne Formation is only 2-3%, reflecting an 
immature (average R0 = 0.43 and Tmax = 4250C) source rocks. The deep resistivity (RD) logs also 
support the immature Draupne Formation (< 2.5 ohm-m) in all wells except well 31/2-8, which has 
comparatively high deep resistivity values (~4 ohm-m).  

Theory and Method 

The log-derived elastic properties can be linked to the compaction history of a caprock. However, 
the compaction processes are too complicated, and many different factors are involved. In this 
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study, we attempt to relate elastic properties with the depositional and diagenetic processes using 
bore-hole log data in addition to the petrographic analysis of cutting samples. The gamma-ray log 
shape helped identify the sea-level fluctuations and paleo-depositional variations within the local 
sub-basins (Emery and Myers, 1996). All the studied wells have standard wireline log 
measurements (i.e., gamma-ray, density, P-sonic, resistivity, neutron porosity and caliper etc.) 
out of which three of them have sampled for petrographic analysis. The volume of shale (Vsh) 
was calculated from the gamma-ray log using Larionov's (1969) younger rock equation. A rock 
physics template (e.g., Vp-Density) is employed to evaluate the elastic properties of the Draupne 
shale caprock. Mineralogy and petrographic analyses (i.e., XRD, SEM, and thin section study) 
are carried out to interpret the bulk mineral fractions, grain size differences and textural variations.  

Results and discussion 

The gamma-ray pattern has varied within the studied wells (Fig. 2). The wells 32/2-1 and 32/4-1 
of thick Draupne Formation exhibit multiple funnel and bell-shaped cycles, while other wells have 
a common trend where wells 31/3-1 and 35/11-4 have cylindrical trend and well 32/2-8 has a bell-
shaped pattern. Scanning Electron Microscope (SEM) images also show differences in 
mineralogy and texture. The northernmost well 35/11-4 has coarser detrital grains with kaolinitic 
clay mineral, while wells 32/2-1 and 32/4-1 have Illite dominated clays. The pyrite framboids are 
abundant and observed throughout the studied samples in well 35/11-4; in contrast, these are 
less plentiful, somewhat localized in wells 32/2-1 and 32/4-1. The Vp-density cross-plots of 
Draupne Formation also show a presence of stiff caprock (higher Vp and density) in the northern 
wells (35/11-4 & 31/2-8). The soft caprocks (exhibiting low Vp and density) found in wells 31/3-1 
and 32/2-1. The data points from well 32/4-1 and few points from well 32/2-1 fall in intermediate-
range (Fig. 3). Comparing with the reference curves and Vsh, wells 32/2-1 and 31/2-8 have a 
better match and follow the reference trend (higher Vsh well follow the higher clay percentage 
line and vice versa). The well 31/3-1 is roughly following the 100% clay line; however, the Vsh 
values range between 40% and 60% while wells 32/4-1 and 35/11-4 are following 40% line with 
measured Vsh values from 80 to 100% (Fig. 3b).  
Shales in a basin typically follow systematic vertical stacking patterns with the relative sea-level 
changes. However, tectonic, climate, and relative factors affect the ultimate character of that basin 
fill (Slatt, 2011). During Late Jurassic time, the major faults in the study area rotated as a result 
of the basement blocks rotation, producing numerous local basins (Faleide et al., 2015), which 
leads to forming a high energy ribbon trending NNE-SSW along the present Troll West area 
following the main fault trend (Stewart et al., 1995). The Draupne Formation zero thickness trend 
also follows the existing NNE-SSW pattern, which reveals that during transgression, the 
erosional/non-depositional structural high still existed. Therefore, the paleo-depositional setup on 
both sides of the zero thickness has variation, which is explained by the stacking pattern, 
mineralogy, and grain size differences within the studied wells. Moreover, the variation of pyrite 
framboids abundance and distribution within the wells indicate changes in pore water chemistry 
(Taylor and Macquaker, 2011). These depositional variations also affect the elastic properties. 
The less ductile caprock in the northern depositional setup compared to the southern wells. The 
high values of Vp and density in well 35/11-4 are explained by shallow diagenesis (where bacterial 
iron reduction formed pyrite framboids) while a higher level of compaction occurred due to a higher 
percentage of silt within the clays in well 31/2-8. On the contrary, the presence of a higher 
percentage of clay content in well 32/2-1 is reflected by soft, ductile nature (low magnitude elastic 
properties). However, the elastic properties of well 31/3-1 are softer than well 32/2-1 despite 
exhibiting high Vsh due to the presence of a thick gas column. The gas column within Sognefjord 
Formation possibly increased pore pressure hence decreased the effective vertical stress and 
mechanical compaction (Bjørlykke and Jahren, 2015) within the reservoir, which may also affect 
the above caprock. Moreover, a slight increase in velocity in well 32/4-1 is explained by the 
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presence of carbonate in the Draupne Formation (Fig. 2). Therefore, the differences in caprock 
properties within the studied wells are dependent on the composition and shallow diagenetic 
variations, which are functions of the depositional processes. 

Figure 2: Stratigraphic correlation along AA’, flattened on top Draupne Formation showing the thickness 
variation with variable gamma-ray log patterns (cylindrical, funnel, and bell), which reveal the paleo-
depositional differences. Also, the SEM images from the corresponding depth show the changes in 
composition and texture in a single caprock unit. All the white dots are the pyrite (Py.) framboids, which 
have a significant variation in volume and distribution within the studied wells. The abbreviations of Qtz. 
(Quartz), Glau. (Glauconite), Kaoli. (Kaolinite), Biot. (Biotite) and Carb. (Carbonate) are used for simplicity. 

Figure 3: Density vs. Vp cross-plot of Draupne Formation data from the studied wells color-coded by well 
names (a), and Vsh (b), with reference curves adapted from Avseth et al., 2005. 

Two northern wells show similar elastic properties even though well 35/11-4 is a gas/oil discovery, 
and well 31/2-8 has oil shows. The oil shows possibly indicate that the hydrocarbon migrated into 
the trap but escaped due to a possible caprock or fault-seal failures. Moreover, the higher deep 
resistivity (RD) within the Draupne Formation in well 31/2-8 indicates fluid migration through it 
(TOC immature in that area). If we assume the bounding fault to be sealed, then mineralogy 
(mainly clay particles) possibly played a vital role in the caprock breach. In that case, the seal 
integrity may be difficult to predict only from elastic properties. Caprock properties also depend 
on many other factors i.e. temperature, stress regime, and diagenesis, etc. (Sone and Zoback, 
2014) but heavily depend on the ductile minerals (i.e., clay). Therefore, an integrated approach is 
needed for a better understanding of caprock effectiveness.    
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Conclusions 

Caprock geomechanical behaviors are the most critical parameters for successful CO2 storage, 
and hydrocarbon exploration, which depends on various factors. This study assesses the effect 
of mineralogical composition and shallow diagenesis of Draupne shale caprock properties in the 
Horda Platform in the northern North Sea. The changes of the paleo-depositional setup can 
control the grain size distribution, mineralogy, and pore water chemistry that ultimately influence 
the compaction processes and caprock properties. However, the elastic property based ductility 
measurements can be misleading as zones showing similar elastic properties have good sealing 
potential (oil discovery in well 35/11-4) and a failure (oil shows in well 31/2-8). 
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Summary 

In a hydrocarbon accumulation, the viability of the reservoir and the caprock is well established; 
however, a subsurface CO2 storage requires preliminary studies to reduce the risk of poor 
reservoir quality and the overlying seal integrity. While evaluating a potential reservoir for 
geological CO2 sequestration, studying the influence of mineralogy, diagenesis, porosity, 
permeability, and reservoir fluids is essential. The thin section studies, scanning electron 
microscopy (SEM) and X-Ray Diffraction (XRD) are valuable tools to investigate the mineralogy 
of reservoir rocks.  However, the well-log data with the application of specific crossplots also help 
to determine various lithologic reservoir characteristics. The Upper Jurassic Sognefjord Formation 
sandstone is the main oil and gas reservoir in the Troll Field. Besides, the Middle Jurassic 
Fensfjord and occasionally Krossfjord Formation sandstones are hydrocarbon-bearing in this 
area. The Heather Formation mudstone exhibits an interfingering stratigraphic relationship with 
the Krossfjord, Fensfjord, and the Sognefjord Formations, finally overlain by the Draupne 
Formation organic-rich shales. The Sognefjord, Fensfjord, and Krossfjord Formations are the 
potential CO2 storage reservoirs in the proposed CO2 storage site Smeaheia (east of the Troll 
field). We evaluated wireline log data from four exploration wells where the spectral gamma-ray 
was acquired. Based on this data, we investigated the Sognefjord, Fensfjord, and Krossfjord 
Formation sandstones in terms of the mineralogy, type of clays, and additional detrital 
components. We will integrate these findings with the existing data, and our ongoing laboratory 
studies to understand the reservoir quality of the Krossfjord, Fensfjord and the Sognefjord 
Formations for CO2 storage. 

Introduction 

This study deals with the petrophysical evaluation of the Middle Jurassic Krossfjord, Fensfjord, 
and Upper Jurassic Sognefjord Formations for their suitability as possible CO2 storage reservoirs 
in the Smeaheia area (east of Troll field) in the northern North Sea (Fig. 1a). The Norwegian 
government is working to establish a large-scale (Gt storage potential) CO2 subsurface storage 
site on the Norwegian Continental Shelf (NCS). This research is one of several multidisciplinary 
studies to evaluate the viability of such CO2 storage sites (Fawad and Mondol, 2018). The study 
area covers the Troll field and its satellites on the Horda Platform. The Troll field is located 
approximately 80 km WNW of Bergen, Norway. The Smeaheia area is among the few of the 
potential CO2 storage candidates under consideration. Fig. 1b shows a Jurassic and Lower 
Cretaceous stratigraphic succession in the study area. The main prospective reservoir is the 
Sognefjord Formation, which consists of coastal-shallow marine sands, overlain by the Heather 
and Draupne Formation shales, the main caprocks in the area. The Sognefjord sands are medium 
to coarse-grained, well-sorted, and friable to unconsolidated, locally weakly micaceous, and minor 
argillaceous. The Heather Formation interfingers with sandstones of the Krossfjord, Fensfjord, 
and Sognefjord Formations. It consists mainly of silty claystone with thin streaks of limestone, 
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occasionally becoming highly micaceous grading into sandy siltstone (NPD, 2020). The Krossfjord 
Formation is medium to coarse-grained, well-sorted, and loose to very friable sandstone. The 
Fensfjord Formation is fine to medium-grained, well-sorted, and moderately friable to consolidated 
sandstones with minor shale intercalations. Bioclastic material and occasional cemented bands 
occur in all the three Krossfjord, Fensfjord, and Sognefjord Formations. The Draupne formation 
comprises of dark grey-brown to black, usually non-calcareous, carbonaceous, at places fissile 
claystone. It is characterized by very high Gamma-ray radioactivity (often above 100 API units), 
because of organic carbon content. The Draupne Formation deposited in a marine environment 
had restricted bottom circulation, mostly under anaerobic conditions (NPD, 2020). The Gamma 
Ray and Spectral Gamma Ray (Potassium, Thorium, and Uranium content) logs from well 31/6-
1 are presented in Fig. 1c. 
 

 
 
Figure 1: a) The study area lies within the blue rectangle; a SSE-NNW line (A-A’) connects the wells 
selected for this study within, and around the Troll field. (b) A generalized Jurassic and Lower Cretaceous 
stratigraphic succession in the study area (modified from NPD CO2 Atlas, 2014). The potential reservoir 
sandstones are highlighted in yellow color. (c) Gamma Ray and Spectral Gamma Ray (Potassium, Thorium, 
and Uranium content) curves from well 31/6-1. 

 
The available well log data represents only sporadic information; however, the CO2 storage 
covers a large area. Therefore, it is essential to consider all factors that can affect the reservoir 
quality both laterally and vertically. This study aims to evaluate the reservoir rock composition, 
with possible detrital and diagenetic mineral assemblages using petrophysics crossplot 
techniques. This information will help find the factors, which could influence the quality of a CO2 
storage reservoir.  
 

Theory and Method  

We selected four wells (31/6-3, 31/6-1, 31/3-1, and 35/11-1) based on the presence of Spectral 
Gamma Ray (SGR) logs from the available data. The Spectral Gamma Ray log is commonly used 
for recognizing clay mineral types and clay mineral volume estimation. We made potassium-
thorium crossplots, which are handy for the identification of clay minerals and the separation of 
micas and K-feldspars. In the crossplot, the lines radiating from the origin possess gradients 
matched with values (Doveton, 1994). Another crossplot of N versus M is used for lithology 
determination, lithology trends, gas detection, and clay mineral classification (Fertl, 1981). The N 
and M are the mineralogy indicators. The ‘Rho matrix apparent’ and ‘DT matrix apparent’, were 
obtained using Interactive Petrophysics (IP™) software, which we also employed to generate the 
crossplots (Fig. 2). For matrix calculations, we selected the neutron tool ‘CNL’, and ‘Wyllie’ 
method. The cross-section and map generation was carried out using Petrel™.  
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Results and discussion 

The well 31/3-1 has low potassium content (~2-2.5%) for all the three Sognefjord, Fensfjord, and 
Krossfjord Formations. On the other hand, the well 35/11-1 has the highest Potassium content 
(~4-5%) for the Fensfjord and Krossfjord Formations (Fig. 2a). Sognefjord Formation is not 
present in well 35/11-1. The mineralogy from the Potassium-Thorium crossplot of the Sognefjord, 
Fensfjord, and Krossfjord Formations in the respective well is approximately the same with a 
minor difference. Only in well 35/11-1 the Krossfjord Formation is micaceous, whereas the 
Fensfjord sands are glauconitic to Felspathic. In well 31/3-1, there is minor Chlorite in the 
Fensfjord Formation; however, the Illite, Mica, Glauconite, and Feldspar are present in all the 
three, Sognefjord, Fensfjord and Krossfjord Formations. 

 
Figure 2: Data points of Sognefjord, Fensfjord, and Krossfjord Formations from the wells 31/6-3, 31/6-1, 
31/3-1, and 35/11-1 on (a) Potassium vs. Thorium crossplot with (SchlumbergerTM) mineral classification 
overlay, (b) N vs. M crossplot with (SchlumbergerTM) mineral classification overlay, (c) Neutron porosity vs. 
bulk density (RHOB) crossplot with a typical mineral-trend overlay, and (d) A ‘DT matrix apparent’ vs. 
‘RHOB matrix apparent’ crossplot with three-mineral (ternary) overlay.   
 
In the N-M crossplot (Fig. 2b), data from all three wells show a wide scatter falling within Quartz 
to the Calcite trend. The three sandstones (Sognefjord, Fensfjord, and Krossfjord Formations) in 
well 31/6-3 show a range from Sandstone to Calcite. In well 35/11-1, both Fensfjord and 
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Krossfjord data points pull towards Anhydrite zone, whereas in wells 31/3-1 and 31/6-1, mainly 
the Fensfjord Formation data points pull towards Shale region in the crossplot. 
The neutron-density crossplot (Fig. 2c) shows that in wells 31/3-1 and 31/6-1, all the three 
Formations (Sognefjord, Fensfjord, and Krossfjord) exhibit high porosities (~30%). Porosities drop 
down in the sandstones approximately to 25% in well 31/6-3. In wells 31/3-1 and 31/6-1, the data 
points pulling the cluster towards the Limestone trend indicate some calcite cementation or 
lamination. The deepest well (35/11-1) show comparatively low porosities (average ~20%), and 
a wide range of data scatter from the Quartz sand trend to the Dolomite trend. This scatter could 
be because of the presence of high-density Glauconite in addition to Calcite. 
Most of the sandstones are within the mechanical compaction zone owing to their present shallow 
depth (less than 2000m). Only the Fensfjord and Krossfjord Formations in the deepest well 
(35/11-1) could have been exposed to the early stages of chemical compaction (quartz 
cementation). There is no Chlorite content in these formations in this well (Fig. 2a); therefore, we 
do not expect any inhibition of quartz cement precipitation due to the presence of Chlorite 
(Ehrenberg, 1993). In the “DT apparent matrix” versus “RHOB apparent matrix” crossplot (Fig.  
2d), a part of the data plots along the Quartz-Calcite leg of the triangle indicating calcite 
cementation or laminations. The points plotting to the south of the three-mineral triangle could be 
due to the presence of Glauconite, and to some extent, Mica.  
 

Conclusions 

The petrophysical analysis of four selected wells reveals that mostly the Sognefjord, Fensfjord, 
and Krossfjord Formation sandstones are at shallow depths (mechanically compacted zone) and 
therefore retaining high porosities. Only the deeper Fensfjord and Krossfjord Formations have 
exposed to the early stages of quartz cementation. We expect no quartz cement inhibition in the 
deeper zones because of the absence of Chlorite content. Mica and Feldspar contents are 
dominant in the deeper zones (in well 35/11-1). Calcite cementation or laminations are evident 
from all the well data. We will correlate these results with the existing laboratory data, and our 
ongoing mineralogical and geochemical analyses.  
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Nanoscale mechanical properties of organic-rich Draupne shale caprock, offshore Norway 
Md Jamilur Rahman* (UiO), Maxim Lebedev (CU), Nazmul Haque Mondol (UiO & NGI)   

Summary 

Assessment of the geomechanical properties such as 
hardness and Young’s modulus is crucial for evaluating the 
caprock integrity. This study investigated the nanoscale 
mechanical properties of two core samples of organic-rich 
Draupne shale caprock in the North Sea. The samples are 
taken from wells 35/11-4 (S-1) and 15/3-8 (S-2), located in 
Horda Platform and South Viking Graben, respectively. The 
maximum burial depth and temperature data reveal that the 
S-1 is within the mechanical compaction zone, while the S-
2 sample is chemically compacted. The caprock properties
are characterized using the nano-indentation techniques
combined with quantitative observation of X-ray diffraction
(XRD) and scanning electron microscopy (SEM) image
analyses. The mineralogical influences on mechanical
properties are observed in nanoscale hardness and
indentation modulus results. Although the number of
samples is limited, the correlation between these properties
is in good agreement with literature data, which indicated a
strong relation between rock mineralogy and mechanical
properties. Moreover, the comparison of Young’s modulus
between nano-indentation and the Triaxial test reveals that
the nanoscale methods effectively evaluate mechanical
properties. This may reduce the mechanical properties
estimation limitation for caprock and overburden using
small cuttings in nano-indentation analysis. Additionally,
the studied samples indicated that the caprock shale behaves
ductile irrespective of diagenetic influences. However, a
large number of samples with different burial conditions are
needed to get a robust result.

Introduction 

Caprock shale act as a top seal has exceptionally high 
capillary entry pressure because shales mainly consist of 
fine-grained clay and silt-sized particles with low pore 
connectivity, hence extremely low permeability (Du et al., 
2020; Mondol et al., 2011, 2008; Storvoll et al., 2005). 
Because of this phenomenon, it is highly unlikely that the 
capillary breakthrough will occur. However, caprock 
mechanical failure due to reservoir pore pressure change 
might be a risk for top seal integrity (Ingram et al., 1997). 
The failure risk increases significantly in CO2 injection into 
saline aquifer scenarios due to increased injection-related 
reservoir pressure. Therefore, the characterization of 
caprock shale is essential for seal integrity evaluation.  

Caprocks mechanical property (i.e., stiffness) is a complex 
function of many factors (i.e., rock strength, lithology, 
texture, effective stress, temperature, fluid type, diagenesis, 
TOC, etc.) and usually estimated from a conventional 

laboratory experiment, for example, unconfined and 
confined triaxial compression and shear tests (Lama and 
Vutukuri, 1978), true triaxial shear test (Colmenares and 
Zoback, 2002; Minaeian et al., 2014), ultrasonic techniques 
(Wang, 2002), etc. However, most of the conventional 
experiments need core samples with considerable size, 
which is very limited for caprock and overburden sections. 
On the contrary, the nano-indentation technique used 
comparatively small cuttings or core samples which was 
proposed by Oliver and Pharr (2004, 1992) to study the local 
mechanical properties of composite materials, such as 
ceramics, polymers, and geomaterials. The mechanical 
properties (i.e., Hardness and indentation modulus) are 
determined from the indentation depth generated by 
applying load on top of the materials. Although this method 
can estimate several mechanical properties of caprock, there 
is no standardize indentation benchmark available for 
materials such as shale to date (Du et al., 2020). Therefore, 
a comparative analysis was also carried out to assess the 
differences between nanoscale results with the triaxial lab 
test based static properties.  

In this research, we evaluated the nanoscale mechanical 
properties (i.e., Hardness and indentation modulus) of two 
core samples of Draupne shale caprock from the North Sea. 
However, the influence of different test loads called ‘scale-
effect’ does not analyze in this study. Draupne Formation 
shale is part of the Viking Group, deposited in the Late 
Jurassic time, and consists of dark grey-brown to black, 
usually non-calcareous, carbonaceous, occasionally fissile 
claystone (NPD, 2021). The formation was deposited in an 
open marine environment with restricted bottom circulation 
and often with an anaerobic condition, which was 
characterized often by high gamma-ray values (usually 
above 100 API) because of high TOC and Uranium content. 
Moreover, Draupne Formation was deposited within the 
East Shetland Basin (ESB), the Viking Graben (VG), and 
over the Horda Platform (HP) area, where the studied core 
samples S-1 (35/11-4) and S-2 (15/3-8) were taken from the 
wells located in HP and south VG; respectively. The sample 
depth and the temperature have significant differences, 
which indicated the S-1 is within the mechanical compaction 
zone while S-2 is chemically compacted (Table 1).  

Table 1:  Core samples used in this study show the depth and 
temperature experienced by the caprocks. 

Sample 
No. 

Well 
Name 

Basin Present 
depth (m) 

Paleo 
depth (m) 

Present 
temp. (0C) 

Paleo 
temp. (0C) 

S-1 35/11-4 HP 1608.5 1798.5 56.64 63.33 
S-2 15/3-8 SVG 4070.8 4070.8 127.78 127.78 

Depths are from the Sea floor (BSF) 
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Experimental Methods 

The test was carried out using a Berkovich intender (Fig. 1a), 
which follows a series of evenly distributed square lattices 
referred to as ‘grid indentation’. The intender can apply load 
ranges between 1mN to 500 mN with a load and depth 
resolution of 0.07 μN and 0.003 nm, respectively. In this 
study, small pieces of core samples are glued to a rigid 
substrate, then are polished to make a flat surface with an 
average roughness of 0.01 m and placed inside the 
nanoindenter. The samples are subjected to loading-
unloading with a maximum load of 10 mN. The measured 
area is a square 0.3mm x 0.3 mm, the distance between 
measurement points is 20 m.    

The properties (hardness and Young’s modulus) of Draupne 
shale were analyzed assuming homogeneous material by 
extracted information from load-displacement curves (Fig. 
1b). The hardness (H) is defined as the ratio of maximum 
indentation load to the projected area of contact stated as: 
𝐻 =

𝑃𝑚𝑎𝑥

𝐴𝑐
,  (1) 

where, 𝑃𝑚𝑎𝑥 is the maximum load (i.e., 10 mN for this study)
and 𝐴𝑐 is the area of contact, which for a Berkovich indenter,
a simple function of the contact depth, ℎ𝑐:

𝐴𝑐 = 24.5ℎ𝑐
2,  (2) 

where the parameter ℎ𝑐 is the elastic displacement during
unloading (Fig. 1b) and can be determined by the following 
relationship: 

ℎ𝑐/ℎ𝑚𝑎𝑥  = 1 − ε𝐹𝑚𝑎𝑥/(𝑆ℎ𝑚𝑎𝑥),  (3) 

where ℎ𝑚𝑎𝑥 is the maximum indentation depth, ε is a
constant related to the geometry of the indenter (for a 
Berkovich indenter, ε = 0.75), and 𝑆 is the contact stiffness, 
which can be calculated by differentiating the fitting F-h 
function of the upper part of the unloading curve and 
evaluating the derivative at the maximum load: 

𝑆 =
𝛿𝐹

𝛿ℎ
|ℎ𝑚𝑎𝑥

 (4) 

Assuming a purely elastic unloading behavior, a 
straightforward dimensional analysis of the involved 
quantities yields the Bulychev-Alekhin-Shoroshorov 
(BASh) equation (Bulychev et al., 1975): 

𝑆

𝑀0√𝐴𝑐
=

2

√𝜋
,  (5) 

where 𝑀0 is the reduced or indentation modulus reflects the
comprehensive elastic response of the indenter and sample. 
For rigid indentation of anisotropic material, 𝑀0 coincides
with the plane stress modulus and stated as: 

1

𝑀0
=  

1−𝜈2

𝐸
+

1−𝜈𝑖
2

𝐸𝑖
,  (6) 

where ν is the Poisson’s ratio of the sample (0.28 used in this 
study estimated from S-2 wireline log), 𝜈𝑖 is the Poisson’s
ratio of the diamond indenter (𝜈𝑖 = 0.07), and 𝐸𝑖 is Young’s
modulus of the diamond indenter (𝐸𝑖 = 1140 GPa).
Rearranging the equation, Young’s modulus was estimated 
for the samples analyzed in this study: 

𝐸 = (1 − 𝜈2)/(
1

𝑀0
−  

1−𝜈𝑖
2

𝐸𝑖
)  (7) 

Results and Discussion 

The hardness (H) and indentation modulus (𝑀0) with
corresponding indentation depth for S-1 and S-2 samples are 
illustrated in Figure 2. Moreover, the histogram of 𝑀0 for
both samples represent the distribution with the 
corresponding frequencies. The results reveal that the 
properties are in a nonlinear negative correlation between 
properties and the indentation depth. However, the behavior 
and intensity of the curves between the two samples 
indicated variations. For instance, S-1 at the begging 
represents high hardness and modulus, which sharply 
decreases at only 0.5 μm penetration depth. From that point  
forward, there are very negligible changes with changing the 
indentation depth (Fig. 2a). On the contrary, hardness and 
modulus of S-2 have lower initial values than S-1, but the 
transition between the sharp decreases to gentle trend 
changes at 0.8 μm (Fig. 2b). Generally, in the initial stage of 

Figure 1:  Berkovich Indenter shape (not to scale) and parameters 
(a), and load versus displacement for elastic-plastic loading 
followed by elastic unloading (b). ℎ𝑟 is the depth of the residual 
impression, ℎ𝑚𝑎𝑥 is the depth from the original specimen surface at 
load 𝑃𝑚𝑎𝑥, ℎ𝑐 is the elstic displacement during unloading, and ℎ𝑎 is
the distance from the edge of the contact to the specimen surface at 
full load. Upon elastic reloading, the tip of the indenter moves 
through a distance ℎ𝑒, and the eventual point of contact with the 
specimen moves through a distance ℎ𝑎 (adapted after Fischer-
Cripps, 2007). 
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Nanoscale Mechanical Properties 

the test, the properties depend on the sample surface 
stiffness.  However, when the load reaches a certain value, 
the cracks are generated, and hardness and modulus decrease 
due to energy loss (Ping et al., 2015). The histogram of 𝑀0

also reveal the difference by graphically represented the 
distribution ranges (Fig. 2c). The S-2 represents a normal 
distribution with a peak at 15 GPa and an average of 16.5 
GPa. However, the distribution of the S-1 sample is 
significantly different, where several peaks were observed 
with an average of 38 GPa. Several peaks in S-1 indicated 
that the indenter could measure the mineral scale properties. 

Estimating microscopic minerals within the studied samples 
is crucial because the nanoscale technique evaluates mineral 

level stiffness. The bulk X-ray diffraction (XRD) 
mineralogy of both samples are shown in Table 2. The 
percentage of major minerals shows variation between the 
samples. Although the quartz percentage is low in S-1, 
another brittle mineral such as pyrite has abundances (i.e., 
18.17%), increasing the overall brittle minerals assemblages 
(i.e., quartz, feldspar, and pyrite) up to 60%. Moreover, the 
low percentage of clay and TOC (i.e., 25.97%) indicated 
very low ductile mineral percentage in this sample. On the 
contrary, the brittle and ductile mineral assemblages in S-2 
illustrated an equal percentage (50-50), where the clay and 
TOC percentage is significantly high (i.e., 50.08%). The 
mineralogical estimation was also verified using the 
Scanning Electron Microscopic (SEM) analysis shown in 
Figure 3. The abundance of pyrite (all the grey dots in figure 
3a) in S-1 was also identified in SEM investigation. 
Moreover, the larger grain size was observed in S-1 compare 
to S-2. However, in S-2, the thin layers of TOC were 
observed, which is not present in S-1 (Fig. 3b). The coarse 
grain size with several 𝑀0 peak in S-1 explains the relation
between grain size and mineral level properties estimation in 
nano-indentation technique.   

Table 2:  Bulk X-RD mineralogy of the studied samples. 
Minerals S-1 S-2

Quartz 35.92 42.90 
Feldspar 4.88 0 
Pyrite 18.17 7.34 
Total Clay Minerals 24.01 43.22 
TOC 1.96 6.86 
Others 15.06 0 

Generally, within the shale, different categories of micro-
fractures are generated (Kalani et al., 2015). However, the 
level of fracturing is controlled by a number of factors and 
processes (i.e., tectonics, TOC content and maturation, 
mineralogical composition, diagenesis, etc.). Considering 
the temperature and TOC percentage, the intensity of 
possible micro-fracture should be higher in S-2 compare to 
S-1. The high percentage of matured TOC in S-2 indicated
an abundance of micro-fracture (Fig. 3b). Moreover, the
high percentage of ductile clay mineral make this sample
softer (i.e., less stiff). On the contrary, low ductile mineral
assemblages with a significant amount of pyrite and coarser
grains make the S-1 stiffer. The higher initial hardness and
elastic modulus in S-1 are indicating the high surface
stiffness, while the high failure depth (i.e., high penetration
depth before cracking) in S-2 represents that the TOC-
generated micro-fracture within the shale creates the rock
more ductile, hence absorbed more energy before crack.

Figure 4 illustrated the correlation between the hardness (H) 
and indentation modulus (Mo) estimated from grid 
indentation on the studied samples. A similar relation 
between H and Mo based on clay/kerogen-rich and 
carbonate-rich samples were proposed by Abedi et al. (2016) 

Figure 2:  Hardness and indentation modulus versus indentation 
depth estimated in S-1 (a) and S-2 (b). The distribution of  
indentation modulus also show the range and distribution type (c).  
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and Du et al. (2020), respectively. In the current studied 
samples, the best-fit equation with the high number of the 
correlation coefficient (i.e., R2 = 0.84) is proposed (Fig. 4), 
where the power exponent (i.e., 0.57) equivalent to Du et al. 
(2020). However, the S-2, which has a high percentage of 
ductile mineral, has a better match with clay/kerogen-rich 
curves. Moreover, in S-1, pyrite represents similar stiffness 
to the carbonate-rich published trend. Although there are 
only two samples used in this study, the relation with 
published curves indicated the strong relationship between 
mineralogy and mechanical properties within the Draupne 
shale, which is also explained by Rahman et al. (2020).    

Besides the limitation, Young’s modulus (E) shows a good 
match between the nano-indentation result (S-2) and the 
Triaxial test (similar clay content and temperature sample) 
shown in Table 3, where nanoscale estimated 15.82 GPa and 
12.2 GPa observed in Triaxial result. However, a 
significantly higher E value (i.e., 40.66 GPa) was estimated 
in wireline log-based static property (Mullen et al. (2007) 
equation was used during dymanic to static conversion) from 
the same well. This is expected because many uncertainties 
are involved in log-based static properties. Moreover, 
comparing the E between S-1 and S-2, the S-1 represents 
stiffer caprock than S-2, though the S-2 sample experienced 
significantly high diagenetic processes (both mechanical and 
chemical compaction) (Table 1). This indicates that the 
ductile mineral assembalges within shale influences more 
than the diagenesis processes. 

Table 3:  Comparison of static Young’s modulus between the 
nanoscale, wireline-log based, and Triaxial test estimation. 

Mean (GPa) 
S-1 37.62 
S-2 15.82 
Wireline-log baseda 40.66 
Triaxial testb 12.2 

aS-2 well (15/3-8); bHorsrud et al. (1998) 

Conclusions 

The effect of mineral composition on caprock nanoscale 
mechanical properties is evaluated. The critical observations 
of this study are as follow: 

 The shallow caprock sample S-1 is stiffer than the deep
sample S-2, though S-2 experienced both mechanical and
chemical compaction.

 Nano-indentation is a practical laboratory method to
evaluate mechanical properties either from a small core or
cutting samples; hence possible to estimate mechanical
properties for cap and overburden rocks with limited or no
core samples.

 There is a strong relationship between mineralogy and
mechanical properties observed. A considerable amount

of ductile minerals can create the caprock shale softer. 
However, further analyses needed to quantify the ductile 
mineral percentage range  
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Figure 4:  Indentation modulus versus hardness plot of studied 
samples show the variation between S-1 and S-2. A best-fit 
equation was also estimated using both samples with a high 
correlation coefficient. The published curves also represent for 
comparison   

Figure 3:  The SEM images of S-1 (a) and S-2 (b) represent 
compositional variations between wells. Note that images have 
scale differences.  
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