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A B S T R A C T   

Evaluating top seal integrity is crucial for successful subsurface CO2 storage. Caprock shale geomechanical 
properties are complex and influenced by various parameters and processes. It is challenging to understand the 
role of various factors affecting the geomechanical properties; therefore, an integrated approach is required to 
evaluate top seal shales. In this study, we investigated the caprock properties of the Early Jurassic shaly Drake 
Formation overlying the reservoir sandstones of Early Jurassic Cook and Johansen formations. The study area is 
the potential CO2 storage site Aurora (the Longship CCS project), located in the Horda Platform area, offshore 
Norway. Based on lithological variations, the Drake Formation is subdivided into upper and lower Drake units. 
Variations of the geomechanical properties are investigated using wireline logs from 50 exploration wells, two 
3D seismic cubes, and several 2D seismic lines. Elastic property-based brittleness indices of the Drake Formation 
caprock shales are evaluated to identify possible top seal quality. Moreover, seismic attributes and gas leakage 
scenarios are investigated qualitatively to assess the possibility of injected CO2 escaping from the reservoir. Low 
brittleness indices value of the Drake Formation shale near the Aurora injection site indicated that the seal rock 
might diffuse the injection-related stress change and act as an effective top seal. Based on the integrated qual-
itative assessment, it is likely that the Drake caprock shale will be acted as an effective top seal in and around the 
Aurora storage site. However, due to the complex nature of caprock shales, we recommend field-scale numerical 
simulation to evaluate the injection-induced stress-strain effect.   

1. Introduction 

Reducing atmospheric greenhouse gas emissions by utilizing 
geological CO2 storage (CCS) is necessary to keep global warming below 
1.5 to 2◦C (Rogelj et al., 2018). CCS is the safest and quickest solution to 
reduce the emitted CO2 (Longship-Report, 2020; Peters and Sognnæs, 
2019). To realize the importance, the Norwegian Government and 
Northern Lights - a joint venture company owned by Equinor, Shell, and 
TotalEnergies, recently initiated a full-scale (capture, transport, and 
storage) CO2 storage project ‘Longship’ in the Horda Platform area, 
offshore Norway. Northern Lights is the transport and storage compo-
nent of the Longship project, which includes the capture of CO2 from the 
industrial point sources (cement factory and waste-to-energy plant) and 
then transporting the captured CO2 (liquefied) by ships to an onshore 
terminal (Øygarden municipality) on the Norwegian west coast. Finally, 
the CO2 will be injected and permanently stored into a deep saline 
aquifer in the Aurora storage site (31/5-7, Eos well) (~2.6 km below the 

seabed) by a pipeline (~100 km long; Fig. 1a). Phase 1 includes the 
capacity to transport, inject and store up to 1.5 Mt of CO2 per year 
(Northern Lights, 2022). However, the investments in subsequent pha-
ses will be triggered (up to 5 Mt of CO2 per year) by market demand from 
large CO2 emitters across Europe (Northern Lights, 2021). Potential 
reservoir rocks in the Aurora area are the Cook and Johansen Formation 
sandstones, and the cap rocks are the Drake and Burton Formation shales 
belonging to the Early Jurassic Dunlin Group (Fig. 1b). Although several 
CCS projects worldwide demonstrated safe and reliable CO2 storage (i. 
e., Sleipner and Snøhvit in Norway; In Salah in Algeria; Century Plant in 
the USA; Quest and Aquistore in Canada; etc.), the large scale Longship 
project (first of its kind) needs further evaluation to assess the potential 
geomechanical risks. 

Reliability of subsurface CO2 storage depends on caprock integrity 
and fault sealing potential (Chiaramonte et al., 2015; Park et al., 2020; 
Rahman et al., 2021, 2020; Rutqvist et al., 2007; Skurtveit et al., 2018). 
Therefore, caprock characterization is crucial for any CCS project 
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injecting CO2 into the saline aquifers or depleted hydrocarbon fields. An 
effective caprock shale has very low matrix porosity and permeability 
(Chen et al., 2019; Liu et al., 2020; Tan et al., 2019), which prevents 
upward fluid flow due to high capillary entry pressure (Ingram et al., 
1997). It is also unlikely to have caprock failure due to capillary 
breakthrough because of the low permeability in most shales. Instead, 
pore-pressure-driven fracturing and fault reactivation are likely sce-
narios regarding fluid escape/leakage from the storage sites (Bjørlykke 
et al., 2015; Hansen et al., 2020; Ingram et al., 1997). 

Caprock shales significantly vary in composition, porosity, brittle-
ness, heterogeneity, etc. (Storvoll et al., 2005; Mondol et al., 2007; 
Mondol, 2018). Moreover, shales are deposited under a wide range of 
conditions and experience post-depositional diagenetic changes during 
burial (Hart et al., 2013; Bjørlykke et al., 2017). Therefore, shale geo-
mechanical and elastic properties vary considerably as functions of grain 
size, texture, mineral composition, etc. This phenomenon is evident in 
the Horda Platform area, where the depositional settings are complex. 
The paleodepositional conditions of the Drake Formation shales are 
affected by the structurally influenced sub-basins; hence various prop-
erties (Færseth, 1996; Steel and Ryseth, 1990; Steel, 1993). In addition 
to the variations of depositional conditions, mineralogical changes, and 
diagenetic history (e.g., mechanical versus chemical compaction), 
exhumation of the study area (Baig et al., 2019; Rahman et al., 2020) are 
also influenced the Drake Formation shale caprock properties. 

Failure behavior of caprock shales may vary due to variations in their 
petrophysical, acoustic, elastic, and geomechanical properties. Shear 
failure or tensile fracturing occurs when the shear stress exceeds the 
shear strength. This type of failure is controlled by the brittleness indices 
property of the caprock, where the brittle caprock fails relatively quickly 
than the ductile rock (Nygård et al., 2006). Therefore, it is crucial to 
characterize shale brittleness property to evaluate caprock integrity. 
However, the brittleness property, which is also classified as fracability 
(Holt et al., 2015, 2011; Jin et al., 2014; Rybacki et al., 2016; Wang and 
Gale, 2009; Yang et al., 2013), is a complex function of rock strength, 
lithology, texture, effective stress, temperature, fluid type (Handin et al., 
1963; Handin and Hager, 1957; Nygård et al., 2006), diagenesis, TOC 
type, amount and maturation (Walles, 2004; Hansen et al., 2020), nat-
ural fractures and other planes of weakness (Gale et al., 2007; Zhang 
et al., 2016; Johnson et al., 2022), etc. There is no firm definition of the 
brittleness indices; instead, different quantifying methods have been 

employed (e.g., Fawad and Mondol, 2021; Grieser and Bray, 2007; Guo 
et al., 2012; Josh et al., 2012; Kivi et al., 2018; Liu et al., 2020; Mondol 
et al., 2022; Rickman et al., 2008). All the methods have been estimated 
to have a range from ductile to brittle, where the more brittle the 
caprock is, the possibility of failure increases with increasing stresses. 
The caprock brittleness property also varies significantly at different 
in-situ stress state conditions (Herwanger et al., 2015). Therefore, for 
CCS project reliability, a detailed analysis of caprock shale is crucial and 
needs to be carried out to build confidence in top seal integrity. 

The main objective of this study is to characterize the Lower Jurassic 
Drake Formation caprock shale’s properties. The Formation is divided 
into upper and lower units based on the lithology, where the upper unit 
consists of heterolithic deposits comprising sandstones with alternating 
siltstones and claystone. In contrast, the lower unit contained claystone 
(NPD, 2021). Considering the long-term Longship CCS project goal, this 
study focuses on the caprock quality of the broader Horda Platform area. 
A Young’s modulus versus Poisson’s ratio rock physics template (Perez 
and Marfurt, 2014; Mondol et al., 2022) is used to evaluate the caprock 
shale properties. Moreover, two elastic property-based brittleness 
indices (Fawad and Mondol, 2021; Grieser and Bray, 2007; Rickman 
et al., 2008) are used to estimate the brittleness property of the Drake 
Formation caprock shales. Additionally, a seismic attribute-based 
qualitative assessment is carried out using a cropped 3D seismic vol-
ume (Fig. 2) to approximate the caprock properties from seismic. Be-
sides the formation pressure communication, a fault parallel leakage 
(gas chimney) from the Troll field is used as an analog to discuss the 
possible seal integrity risks. Moreover, the ranges in elastic properties 
used in the brittleness indices calculation are improved based on the 
site-specific wireline log data. Finally, a basin-specific brittleness tem-
plate has been proposed, which needs further investigation for improved 
caprock characterization. 

2. Materials and methods 

In this study, we used wireline logs from 50 exploration wells, two 
3D seismic surveys (GN10M1 and GN1101), and several 2D lines (NSR 
and SG8043 surveys) from the study area (Fig. 2, Table 1) to evaluate the 
Drake Formation shales caprock properties. As mentioned earlier, the 
Drake Formation is divided into two units, where the lower unit is 
shalier than the upper unit. The studied wells are located in various 

Fig. 1. (a) A schematic representation of the Longship project (courtesy of Northern Lights) shows the location of the Aurora site (inset map) in the Horda Platform 
area, offshore Norway. The full-scale CCS project includes the capture of CO2 from Fortum Oslo Varme (Waste incineration plant, Oslo, Norway) and Norcem cement 
factory (Brevik, Norway) and shipping of captured CO2 (liquid form) to an onshore terminal (Øygarden) on the Norwegian west coast. The liquified CO2 will be 
transported by pipeline to the Aurora site for permanent storage. (b) A generalized Early Jurassic stratigraphic succession of the study area is represented the 
lithological variation between the different quadrants (modified from Husmo et al. (2003)). MFS is the maximum flooding surface, according to Partington 
et al. (1993). 
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structural settings defined by the Norwegian Petroleum Directorate 
(NPD) and represent different present-day top Drake caprock depth 
ranges (Fig. 2; Table 1). The majority of the studied wells (a total of 16) 
are from the Bjørgvin Arch (BA), while a considerable number of wells 
are also used from Stord Basin (SB), Lomre Terrace (LT), Oseberg Fault 
Complex (OFC), and Brage Horst (BH). The remaining wells are from 
Flatfisk Slope (FS), Uer Terrace (UT), Mokkurkalve Fault Complex 
(MFC), Tjalve Terrace (TT), and Marflo Spur (MS) (Fig. 2, Table 1). 
According to NPD (2021), the Cook and Johansen formation sandstones 
encountered by the studied wells are water wet. 

Because of the complex nature of caprock shale properties, an inte-
grated workflow is implemented to characterize the top seal effective-
ness (Fig. 3). Although Drake caprock shale from the Aurora injection 
site is analyzed as an example in this study, this integrated workflow can 
be useful in any potential CO2 storage sites top seal evaluation. After 
quality control, the wireline logs are used to conduct petrophysics and 
rock physics analyses. Several well’s average property maps and 

Young’s Modulus-Poisson’s Ratio (E-PR) cross plots have been generated 
to characterize the caprock shales. Simultaneously, seismic interpreta-
tion and seismic attributes analyses are carried out, mainly focusing on 
the area surrounding the Eos injection well (31/5-7). Possible top seal 
integrity risks, such as the presence of faults and fractures, fault leakage 
possibility, etc., are evaluated from the seismic-based analysis. Finally, 
we evaluated the top seal geomechanical properties and integrity by 
incorporating all the results. 

Rock properties such as Young’s modulus (E) and Poisson’s ratio 
(PR) are proxies of rock stiffness and represent the geomechanical 
property under stress. These properties are calculated using compres-
sional wave velocity (Vp), shear wave velocity (Vs), and bulk density (ρ) 
logs. However, the Vs used in this study is not acquired but predicted 
using Random Forest (RF), a machine learning algorithm. We tested 
several machine learning algorithms (i.e., RF, kNN, NN), and the results 
are compared with the acquired VS (Fig. 4a). The Random Forest (RF) 
method, which showed a correlation nearly as good as Neural Network 

Fig. 2. Map of the study area shows wells (black circles), faults (black lines) and structural elements (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; 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). 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 boundary 
of the regional map is denoted in a red polygon, where the light blue boundaries represent 3D seismic cubes GN10M1 & GN1101. For Aurora site-specific evaluation, 
the cropped 3D volume (dotted blue polygon) is used. The first CCS license (EL001) in offshore Norway is indicated by blue polygon, where the red filled circle is the 
proposed CO2 injection well Eos (31/5-7). 
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(NN) has been selected for this study. Moreover, the precedent for using 
RF for top seal assessment can be viewed in another related study on 
Draupne and Heather caprock shale evaluation (Rahman et al., 2020). E 
versus PR cross-plot is used to evaluate the ductility of the Drake caprock 
shales, where the background template is adapted from Perez and 
Marfurt (2014). A comparative analysis is also done between the two 
elastic property-based brittleness indices proposed by Grieser and Bray 
(2007) and Fawad and Mondol (2021). 

A cropped 3D seismic volume from the GN10M1 survey (Fig. 2) is 
used for Aurora site-specific analysis. Several seismic attributes (i.e., 
envelope and variance) are generated to assess the spatial variations of 
lithology, faults, and fractures in and around the Aurora injection site. 
Seismic attributes analysis is carried out not only for the caprocks but 
also to evaluate the reservoir quality of the Johansen Formation. The 
NPD well tops are also updated based on Steel’s (1993) sequence 
stratigraphic concept in the northern North Sea area. The techniques 
used to estimate brittleness indices and extraction of seismic amplitudes 
are briefly described below as sub-sections: 

2.1. Brittleness indices 

Brittleness Indices are the estimations of caprocks’ geomechanical 
property, which depends on many factors such as mineralogy, diagen-
esis, temperature, pressure, etc. Two elastic property-based brittleness 
Indices (EBI) methods proposed by Grieser and Bray (2007) and Fawad 
and Mondol (2021) are used in this study over many other available 
methods (i.e., Chen et al. 2014, Jin et al. 2014, Rickman et al. 2008, 
Sharma and Chopra, 2012). The Grieser and Bray (2007) equation is 
based on the normalization of E and PR and states that: 

EBI1 =
1
2

[
E − Emin

Emax − Emin
+

PR − PRmax

PRmin − PRmax

]

(1)  

where E is static Young’s modulus, Emax is 69 GPa, Emin is 0 GPa, PR is 
static Poisson’s ratio, PRmax is 0.5, and PRmin is 0. Also, the higher the 
EBI1 value is, the more brittle the caprock is. Static E is estimated from P- 
wave velocity (Vp) using the empirical relation proposed by Horsrud 
(2001): 

Table 1 
Well Database with structural elements, Drake caprock shales present/maximum burial depth and thickness (adapted from Rahman et al. (2022).  

Well name Structural Elements (NPD) Upper Drake (m BSF) Thickness (m) Upper Drake Lower Drake (m BSF) Thickness (m) Lower Drake 
Present Paleo* Present Paleo* 

30/9-15 Bjørgvin Arch 2147 2327 78 2226 2406 107 
30/9-16 2879 3044 100 2980 3145 81 
30/12-1 2998 3133 101 3099 3234 97 
31/2-1 1577 1697 86 1663 1783 56 
31/2-2 1701 1831 57 1759 1889 47 
31/2-3 1542 1932 68 1611 2001 39 
31/2-4 1541 1801 58 1600 1860 46 
31/2-5 1705 1945 66 1772 2012 64 
31/3-1 1458 1838 71 1530 1910 57 
31/3-2 1586 1906 83 1669 1989 - 
31/3-3 1850 2370 49 1900 2420 47 
31/4-3 2216 2386 59 2275 2445 72 
31/4-8 1936 2076 69 2006 2146 66 
31/5-2 1693 1883 79 1772 1962 61 
31/7-1 2307 2517 81 2388 2598 69 
35/11-7 2162 2357 64 2227 2422 40 
31/5-7 Stord Basin 2172 2522 74 2247 2597 53 
31/6-1 1507 1837 76 1584 1914 52 
31/6-2 1649 2109 47 1697 2157 31 
31/6-3 1647 2077 35 1683 2113 32 
31/6-6 1708 2178 47 1756 2226 30 
31/6-8 1640 1970 98 1739 2069 62 
32/4-1 1304 2004 43 1348 2048 49 
31/1-1 Lomre Terrace 2198 2398 84 2282 2482 42 
31/2-8 2351 2581 61 2413 2643 41 
31/4-4 2558 2558 71 2630 2630 66 
31/2-19S 3272 3472 63 3335 3535 49 
35/11-2 3092 3252 74 3167 3327 58 
35/11-4 2413 2603 65 2478 2668 37 
35/11-5 3014 3194 65 3079 3259 27 
35/11-6 3238 3388 85 3323 3473 52 
30/3-3 Oseberg Fault Block 2908 3028 58 2966 3086 66 
30/3-4R 2759 2884 59 2819 2944 69 
30/6-4 2550 2740 94 2645 2835 74 
30/6-7 2647 2767 98 2745 2865 91 
30/6-19R 2808 2933 49 2858 2983 64 
30/9-13S 3259 3259 122 3381 3381 77 
30/9-28S 3182 3372 105 3287 3477 73 
30/3-2R Brage Horst 2738 2868 56 2795 2925 67 
30/6-5 2775 2915 50 2826 2966 63 
30/6-14 2234 2389 60 2295 2450 93 
30/6-22R 2796 2901 56 2853 2958 67 
31/4-2 2186 2346 68 2255 2415 57 
30/6-11 Flatfisk Slope 3415 3505 75 3490 3580 96 
35/10-2 3893 4018 62 3955 4080 78 
35/11-1 Uer Terrace 2172 2502 59 2231 2561 55 
35/12-1 2531 3011 44 2575 3055 - 
30/2-1 Mokkurkalve Fault Complex 3636 3701 76 3713 3778 96 
34/11-3 Tjalve Terrace 3965 3995 27 3992 4022 36 
35/10-1 Marflo Spur 3102 3242 70 3172 3312 37  
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Fig. 3. Illustrated the integrated workflow used in this study to assess the top seal geomechanical properties and integrity in and around the Aurora CO2 injection 
site, northern North Sea. Note that bold numeric numbers are represented by figure numbers presented in this study. 

Fig. 4. (a) Comparison between machine learning algorithms estimated Vs with the measured Vs. The Drake Formation data points from well 31/1-1 are used to 
construct the crossplot (adapted from Rahman et al. (2022)). (b) The pore water resistivity is estimated from seven wells taken from the Drake and Johansen 
formations color-coded by the volume of clay (Vcl) covering various depths in the study area, which are calibrated with the brine line. Several Rw values are tested 
until a better match is observed between the data points and the brine line using Rw = 0.08, (c) Data points from 7 wells located within the studied 3D seismic 
volume (outline in Fig. 2) show the acoustic impedance variations due to clay volume changes in lower Drake unit and Johansen Formation. Marion et al. (1992) 
explained the inverted V-shape behavior for sand-clay mixture is visible for sandy Johansen Formation and clayey lower Drake unit data. 
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Fig. 5. Cross-plots of E versus PR for (a) the upper and lower units of the Drake Formation shales, and (b) the entire Drake and Johansen Formations illustrate the 
variation between them. The volume of clay (c), and gamma-ray (d) of the Drake Formation represent the depositional variation. The maximum temperature 
corrected for exhumation (e), and deep resistivity of both units are demonstrated the diagenetic effect on caprock shale. 
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E = 0.076V3.23
p , (2) 

Where Vp is in km/s. The PR (dynamic = static) is calculated from Vp 
and Vs using the equation below: 

PR =
V2

p − 2V2
s

2
(

V2
p − V2

s

), (3) 

The other EBI equation used in this study proposed by Fawad and 
Mondol (2021) is based on acoustic impedance (AI) and deep resistivity 
(Rt) and is defined as: 

EBI2 =

AI
Vpom

− ρom −
̅̅̅̅̅̅
aRw
Rt

√ [

AI
(

1
Vpw

− 1
Vpom

)

− (ρw − ρom)

]

[

(ρma − ρom) − AI
(

1
Vpma

− 1
Vpom

)] , (4)  

where VPma and VPw are the P-wave velocities of the mineral matrix and 
the pore fluid (water), respectively, VPom is the P-wave velocities of the 
organic matter (OM), rom is the density of organic matter, rma is the 
density of mineral grains, rw is the density of pore fluids (water in this 
case), Rt is formation resistivity, Rw is the resistivity of water (0.08 based 
on estimates from the well calibration shown in Fig. 4b), ‘a’ is tortuosity 
factor, and AI is acoustic impedance. The tortuosity factor ‘a’ controls 
the slope of the water-matrix curved line and can be selected in a zone 
depending on pore structure, grain size, and level of compaction. Here, 
brittleness is defined as an increase in the stiffness of the rock due to 
compaction and the percentage of stiff minerals (quartz, carbonate, and 
dolomite). The equation is based on the physical and elastic properties of 
three end-member materials (organic matter, quartz, clay/water). 

2.2. Seismic attributes 

Seismic attributes provide a qualitative assessment of the sub-
surface’s geometry and physical parameters and are the principal factor 
determining the elastic properties (i.e., acoustic impedance, reflection 
coefficient, velocities, absorption, etc.). Due to the relation between 
these parameters and geological patterns and features (i.e., structural 

configuration, lithological variation, fluid content, etc.), it is possible to 
quantify rock and fluid properties from seismic attributes (Chopra and 
Marfurt, 2005). Attributes can be generated using both pre-stack and 
post-stack seismic data. In this study, we only considered post-stack 
attributes generated by the Petrel-2019 volume attribute function. 
Seismic attribute analysis focused only on the Aurora injection site (Eos 
well), where a cropped 3D volume (outline in Fig. 2) from the GN10M1 
survey is used. Although stacking processes eliminates offset and 
azimuth-related information, the post-stack attributes are suitable for 
observing large amounts of data in initial reconnaissance investigations 
(Taner, 2001). In this study, a post-stack attribute known as the enve-
lope is used, which is proportional to the acoustic impedance contrast 
(Barnes, 1991; Cohen, 1995). The envelope attribute, also known as 
instantaneous amplitude (reflectivity), is the total instantaneous energy 
of the analytical signal within a defined window (i.e., length: 33). The 
reflection might vary due to possible gas accumulation, tuning effect, 
depositional environments, spatial porosity changes, or other litholog-
ical variations. Another post-stack attribute called ‘variance’ is used for 
faults and fracture identification. The variance property is estimated 
using the filter 3, 3, 15 inline, crossline number of traces, and vertical 
smoothing, respectively. No dip correction has been applied. Variance 
attribute can isolate edge, which means horizontal discontinuity of 
amplitude caused by faults and fractures. Moreover, time structure 
surfaces (i.e., Lower Drake and Johansen formations) are interpreted 
and used to estimate the average attribute properties for individual 
layers. The time structure maps are generated by interpreting the full 
fold post stacked 3D seismic volume GN10M1. 

Generally, a correlation between seismic properties (e.g., AI, Vp) and 
petrophysical parameters (e.g., porosity, Vcl) has been evident. For 
instance, low acoustic impedance (AI) is associated with high porosity or 
vice versa (Pablo, 2004), or clean sand or shale show relatively low AI 
compared to sediments with mixed grain sizes. A similar trend is 
observed in wireline log data from the seven wells within the analyzed 
cropped seismic volume. The main caprock shale (lower Drake unit) and 
reservoir sandstone (Johansen Formation) data are shown in Fig. 4c. 
Overall, Johansen Formation shows a positive increasing trend between 
AI and Vcl, while the Lower Drake represents a negative correlation 

Fig. 6. Cross-plots of E versus PR data points from the Drake Formation color-coded with EBI1 (a) and EBI2 (b). The background curves are adapted from Perez and 
Marfurt (2014). The dotted lines are proposed new templates based on the EBI2 property range. 
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Fig. 7. Wells averaged elastic property-based brittleness indices maps of upper Drake (a & c), and lower Drake (b & d) units estimated using the equation proposed 
by Grieser and Bray (2007) (a & b), and Fawad and Mondol, 2021 (c & d). The maps represent the spatial variation of caprock stiffness in both methods. Note that the 
maps have different color scales. Also, EBI2 well average data were presented by Rahman et al. (2022) for different purposes. 
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Fig. 8. The acoustic impedance (average value calculated for each well) map of the lower Drake unit shows the spatial variation of AI (a). The cropped 3D seismic 
volume map shows faults, injection (31/5-7), and other wells (31/5-2, 31/2-1, and 31/2-3) and Troll fields as reference (b). 

Fig. 9. The envelope attribute is estimated from post-stack cropped 3D seismic volume representing the average properties of lower Drake unit (a) and Johansen 
Formation (b). The major and minor faults, studied wells, and the hydrocarbon-producing Troll Field are shown as a references. 
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Fig. 10. The variance attribute shows the possible faults and fractures on top of Sognefjord Formation (a), Lower Drake unit (b), and top Johansen Formation (c). The 
red circle shows the location of the injection well (31/5-7), and the red arrow indicates the possible CO2 migration path. 

Fig. 11. The map represents the Tusse fault which separates Troll east and Troll west Gas Fields (a). The locations of seismic cross-sections (b, c & d) are shown with 
the Draupne Formation (primary caprock) thickness contour (Rahman et al., 2020). The possible gas chimney in block 31/2 is interpreted in the Tusse fault zone 
where the primary caprock is not present. High amplitude in the tipping point of the Tusse fault indicated possible vertical gas leakage (red arrows), which 
accumulated within the Hordaland clay. 
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(decreasing AI with increasing Vcl). The trend roughly follows the 
inverted V-shape behavior of the sand-shale mixture proposed by Mar-
ion et al. (1992). The higher the AI, the less sorted the rocks are. 

3. Results 

3.1. Caprock properties 

The studied Drake caprock shales geomechanical property is char-
acterized in Young’s modulus (E) versus Poisson’s ratio (PR) crossplots 
(Fig. 5). Data from the upper and lower Drake units follow a similar 
trend where E ranges between 0 and 15 GPa and PR ranges between 0.17 
and 0.41. The Johansen Formation reservoir sandstone data points are 
also illustrated for comparison, which reveals more or less similar 
properties to the Drake caprock Formation (Fig. 5b). Gamma-ray is 
generally used as a proxy for depositional variation. However, the Drake 
Formation E and PR values do not show separate clusters; instead, mixed 
data clustering is observed. In the temperature plot, a gradual increase 
of E with increasing temperature is identified (Fig. 5e). Because of the 
exhumation effect in the study area, maximum (paleo) temperature has 
been estimated using the exhumation corrected paleo-depth experi-
enced by the studied intervals (Rahman et al., 2022). 100 ◦C demarcated 
a transition based on the maximum temperature where the lower tem-
perature cluster represents low E accompanied by higher PR. On the 
contrary, higher temperature data points illustrated the opposite (higher 
E and lower PR). Few data points show high deep resistivity (Rt) values 
fall in the high-temperature cluster (Fig. 5f). However, most of the data 
points with low Rt are distributed randomly without any specific trend. 

The elastic property-based brittleness Indices (BI) such as EBI1 (Eq. 
1) and EBI2 (Eq. 4) are considered to evaluate the Drake caprock geo-
mechanical properties (Fig. 6). The normalized Young’s modulus (E) 
and Poisson’s ratio (PR) based EBI1 increases with increasing E and 
decreasing PR (Fig. 6a). However, Acoustic impedance (AI) and Deep 
resistivity (Rt) based EBI2 do not follow the same linear trend. Instead, 
EBI2 increases with increasing E, while very gentle changes occur in PR. 
Even the highest BI data cluster is not located within the lowest PR zone 
(Fig. 6b). BI range significantly varied between the studied methods, 
where most of the data points clustered in the lower region (between 
0 to 0.5) in EBI1. In EBI2, most data points are clustered within the range 
between 0.25 and 0.75. When the BI from this study is compared with 
the background curves proposed by Perez and Marfurt (2014), a distinct 
dissimilarity is observed (Fig. 6). According to the Perez and Marfurt 
(2014) curves, most of the data points plot within the ductile to 
less-brittle region except for a few data points. Even the highest elastic BI 
clusters derived by both methods are away from the Perez and Marfurt 
(2014) curves. Based on EBI2 brittleness range, a new templates (dotted 
lines in Fig. 6b) are proposed considering intervals 0.25. According to 
the proposed template, most of the studied data clustered between 
less-ductile to less-brittle regions. Considerable numbers of data points 
also fall within the brittle zone (BI > 0.75). 

The well average BI maps reveal the lateral variation of the brittle-
ness values which are illustrated in Fig. 7. Although the BI trend looks 
similar (low and high areas) between the methods, the range varied 
significantly, where EBI1 ranges between 0.2 to 0.4 and 0.45 to 0.85 
according to EBI2 (Fig. 7). In terms of lateral variations, the BI trends 
also look similar (i.e., lateral variation) between both methods. Overall, 
higher brittleness is observed in EBI2. In the north and west parts, the 
caprock shales are more brittle than in the southern part. Moreover, the 
lower Drake unit is more ductile than the upper Drake unit. Also, low BI 
values are observed below the oil/gas fields (e.g., Troll, Brage, Oseberg). 
In the proposed CO2 injection site near the well 31/5-7 (red circle on the 
maps), both methods show that the lower Drake unit is relatively ductile 
than the upper Drake unit. 

3.2. Seismic amplitude analysis 

Average acoustic impedance (AI) map (Fig. 8a) of the primary 
caprock (Lower Drake unit) shows the AI ranges between 11000 to 6500 
g/cm3 x m/s. Low AI values are also observed underneath the oil/gas 
fields (i.e., Troll, Brage, Oseberg), similar to the brittleness maps (Fig. 7). 
Moreover, significantly low AI values have been seen in the southern 
part of the Tusse-Vette fault block. On the contrary, a high AI N-S trend 
following the Lomre Terrace is observed, extending up to the Brage 
Horst. In the vicinity of the possible CO2 injection well, AI values exhibit 
an intermediate range compared to the other part of the study area. For 
detailed qualitative post-stacked seismic attributes analysis, a small 3D 
cropped volume from the survey GN01M1 has been used (Fig. 8b). This 
area is chosen considering well 31/5-7 (injection point) with possible 
plume migration to the north (the reservoir sandstone gently dipping 
towards south). The average AI values within this cropped area range 
between 9000 and 6500 g/cm3 x m/s, significantly lower than the rest of 
the study area. Local variations are qualitatively evaluated by employ-
ing seismic attribute analysis in the later sub-sections. 

3.2.1. Caprock and reservoir rock characterization 
Seismic attribute-based characterization is carried out on the pri-

mary caprock shale (Lower Drake unit) and the reservoir sandstone 
(Johansen Formation). The average envelope attribute property of the 
lower Drake unit and the Johansen Formation, respectively, are shown 
in Fig. 9. Low envelope attribute, which is equivalent to low acoustic 
impedance contrast, illustrates cleaner clay or sand layers, while high 
values represent poorly sorted or vertical elastic property variations, 
which create high contrast acoustic impedance boundaries. There might 
be many other factors involved in characterizing caprock shales; how-
ever, the chosen properties are good tools for qualitative assessment. For 
instance, low values represent soft caprock, while the high values indi-
cate stiff rocks. Moreover, when the envelope attribute shows low 
values, this represents higher porosity compared to the higher values 
within the reservoir unit. 

The acoustic impedance contrast in caprock and reservoir zones 
ranges between 0 and 10000 g/cm3 x m/s. A distinct soft low envelope 
NW-SE trend is observed within the lower Drake unit (Fig. 9a), which is 
also seen in the well average acoustic impedance map (Fig. 8a). How-
ever, the proposed injection well (31/5-7) is located relatively within 
the high impedance zone. On the contrary, the Johansen Formation 
within the study area represents overall clean sandstones with possible 
high porosity (assuming low contrast means high porosity), except for a 
few linear features (showing high impedance contrast). The injection 
well is located in one such elongated linear NW-SE oriented depositional 
feature (Fig. 9b)., The similarity between the well average and seismic 
attribute maps indicates the possibility of using seismic attributes for 
detailed rock properties analysis. 

3.2.2. Faults and fractures 
Variance attribute, which indicates the possible faults and fractures 

alignment, is demonstrated in Fig. 10. To evaluate the vertical conti-
nuity of faults and fractures, the top Johansen (reservoir sandstone), top 
lower Drake (caprock shale), and top Sognefjord (the reservoir of Troll 
field) surfaces are used. The faults and fractures identified on the top 
Sognefjord Formation look more prominent than the deeper surfaces 
might be due to seismic quality degradation with depth. The variance 
attribute clearly reveals the N-S-oriented major faults (Tusse, Svartlav, 
and Troll) and additional minor faults present in the area. The minor 
faults in the northern part, oriented in NW-SE direction, are also present 
in both the studied fault blocks (i.e., Tusse-Svartlav and Svartlav-Troll 
blocks). Another set of faults oriented in the NE-SW direction is 
located west of the injection well (31/5-7). The injection well is bounded 
by faults in the east and west directions. Considering the fault alignment 
and reservoir sandstone dip (dipping southward), the injected CO2 
plume might be migrated towards the north (red lines in Fig. 10) and 
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might accumulate near the Svartalv fault (SF). However, if the SF 
reactivates due to the CO2 injection-induced fluid pressure increase, 
there might be a possibility of the CO2 plume migration upward into the 
Sognefjord Formation (Fig. 10a). In such a scenario, the plume might 
migrate vertically (parallel to the fault plane) as well as laterally further 
north (upward direction). 

3.3. Gas chimney in block 31/2 

If the above-described faults reactivate due to injection-induced 
pressure increase, it might be used as a CO2 plume migration path. 
The gas chimney parallels to a fault plane is a similar type of event that 
can be analyzed to understand the ultimate fate of CO2 plume if a failure 
occurs. Fig. 11 represents a possible gas chimney in block 31/2, where 
the vertical disruption is observed on three seismic sections (Fig. 11b–d). 
This gas chimney is observed in the north of the Troll west gas field 
concentrated within the northern part of the Tusse fault (TF). Vertically 
this chimney started from the deeper section and ended in the Horda-
land Clay Formation. High amplitude on top of the Hordaland Clay in-
dicates possible gas leakage from the Troll reservoirs (i.e., Sognefjord 
and Fensfjord formations). Interpretation of the top Draupne Formation 
(primary caprock) demonstrates that the caprock shale was missing on 
top of the gas chimney area (Rahman et al., 2020). Also, several 
small-scale faults are present in the study area (Fig. 11b–d), where the 
high amplitude is also observed in the same overburden formation (i.e., 
Hordaland Clay). This indicates the leaking of small-scale faults as well 
(Fig. 11b). However, the amplitude is dimmer compared to the Tusse 
fault accumulation, suggesting that eventual leakages are less pro-
nounced (Fig. 11b). 

4. Discussion 

4.1. Elastic brittleness indices 

Brittleness template for the E-PR cross-plot adapted from Perez and 
Marfurt (2014) deviates considerably from the two estimated elastic 
property-based Brittleness Indices (EBI1 & EBI2) (Fig. 6). According to 
the template, most data points fall within the ductile to less-brittle zone, 
even with high Young’s modulus values. There are no similarities in the 
brittleness increasing trend between the template and the methods used 
in this study. Perez and Marfurt (2014) template used in this study was 
estimated based on the Barnett Shale from the Fort Worth Basin, Texas, 
USA. A considerable deviation of brittleness indices value increasing 
trend is observed comparing the template with Drake Formation shale 
from the northern North Sea. One explanation might be the mineralogy 
and diagenetic differences between the Barnett and Drake shales. These 
dissimilarities indicate the need for basin-specific templates or even 
formation-specific templates if the formation differences are also sub-
stantial. This study stresses the necessity of future studies to establish a 
formation- or basin-specific rock physics templet to quantify the brit-
tleness of the caprock shales in the Norwegian Continental Shelf (NCS). 
A new template is proposed based on the EBI2 (Fig. 6b). The new tem-
plate shows a deviation from the Perez and Marfurt (2014) curves and 
might be useful to assess the caprock brittleness indices property in the 
study area. However, the studied caprock’s static Young’s modulus 
range is considerably low compared to the mineral points, which needs 

to be addressed in the future to improve the template. Although this 
template needs further improvement, we suggest using this for caprock 
brittleness property evaluation in the Norwegian Continental Shelf 
(NCS) because the other template might mislead the caprock brittleness 
property assessment. Still, it is suggested to use Horsrud (2001) empir-
ical equation when estimating static Young’s modulus (E) to avoid the 
issue regarding the E property range. 

Differences are also observed between EBI1 and EBI2, where the 
second method shows broader brittleness ranges, hence, representing 
brittleness indices with more resolution but the first method follows the 
Young’s modulus trend better (Fig. 6). For instance, EBI2 effectively 
delineates the temperature clusters with less-ductile and less-brittle to 
brittle zones (considering 0 to 0.25 as ductile and 0.75 to 1 as brittle) 
(Figs. 5e & 6b). Although the EBI1 has a lower range of brittleness value, 
the normalized Young’s modulus (E) and Poisson’s ratio (PR) should 
have a better range. EBI1 estimation equation (Eq-1) is proposed based 
on the Barnett Shale, which should not be treated as universal caprock 
but basin-specific. Therefore, the range needs to be updated based on 
local caprock properties, a similar approach to Rickman et al. (2008). 
Based on the five wells (30/9-29S, 31/1-1, 31/5-7, 31/7-1 & 31/2-19S) 
with measured shear velocity (Vs) data from the study area are used to 
define the minimum and maximum limit for E and PR for the Drake 
caprock shales. To avoid over and underestimation, P10 and P90 values 
have been used (Table 2). The lowest and highest values are used as the 
minimum and maximum static E (i.e., 2.43 and 6.68 GPa) and PR (i.e., 
0.25 and 0.33) to update the EBI1 maps for the upper and lower Drake 
units (Fig. 12). These maps represent broader ductility variability better 
than the maps created using the published data range (Figs. 7a & b). In 
the Aurora area, the lower Drake unit (primary caprock) shows rela-
tively ductile, which is critical for the successful implementation of the 
Longship CCS project. 

4.2. Seal integrity and implication in CCS 

Geomechanical properties can predict the level and type of defor-
mation of any caprock under stress based on the brittleness indices 
(Nygård et al., 2006). Failure occurs quickly when the caprock is brittle, 
indicating less tolerance to significant strain. In comparison, ductile 
caprock shale has a higher tolerance to considerable strain and diffuses 
the deformation. The effect of burial depth on caprock brittleness is 
complicated and acts in both ways (i.e., both decreasing and increasing). 
For instance, an increase in depth leads to a rise in pressure and tem-
perature; hence, increasing the degree of diagenesis by compaction 
processes (mechanical and chemical compactions) will increase the 
degree of stiffness. On the contrary, increasing temperature decreases 
rock stiffness. These opposite processes make it somewhat challenging 
to evaluate top seal effectiveness. 

A wide range of elastic property-based brittleness indices (EBI) are 
observed within the Drake Formation (Fig. 6). The brittleness property 
of the studied shale formation varies from ductile to brittle. The studied 
wells exhibit a wide range of structural depth, explaining the diagenetic 
variation, which explains the variation of variable BI’s. Stiff Drake 
caprock might be prone to shear failure or tensile fracture risk. However, 
in the Horda Platform area where the CO2 injection well Eos (31/5-7) is 
located, the BI maps of the upper and lower Drake units (Figs. 7 & 12) 
show the presence of relatively ductile caprocks (low BI values). 
Although the upper Drake BI near the injection well is comparatively 
high, the primary caprock (lower Drake unit) represents a lower value 
near the injection location and also in the up-dip direction (i.e., north). 
3D seismic attribute (envelope analysis) also reveals the local variation 
of acoustic impedance contrast (Fig. 9a); however, considering the 
whole study area, the acoustic impedance (AI) falls between the low to 
intermediate range (Fig. 8a). Considering the lower Drake thickness and 
low brittleness indices value near the CO2 injection point, the caprock 
shale might be unlikely to be failed during injection in the Longship CCS 
project surrounding the well 31/5-7. 

Table. 2 
The ranges of static Young’s modulus and Poisson’s ratio of the upper and lower 
Drake units are estimated from five wells with measured Vs.   

E (GPa) PR  
P10 P50 P90 P10 P50 P90 

Upper Drake 2.64 3.86 6.72 0.25 0.28 0.32 
Lower Drake 2.25 3.69 6.58 0.27 0.31 0.34 
All zones 2.43 3.80 6.68 0.25 0.29 0.33  

M.J. Rahman et al.                                                                                                                                                                                                                             



International Journal of Greenhouse Gas Control 119 (2022) 103700

13

A fault-related gas leakage might be a possible threat for CCS because 
the Aurora CO2 reservoir is a fault-bounded structure. There might be 
the possibility of fault reactivation due to injection-related pressure 
changes. Although many faults are present near the injection area 
(Fig. 10), the formation pressure data from the Dunlin Group are 

unaffected by the Troll field production from the above strata, indicating 
sealed faults (Fig. 13). Moreover, the gas chimney identified in block 31/ 
2 is located where the primary caprocks in the area (i.e., Draupne and 
Heather formations) are not present (Rahman et al., 2020; Fig. 11). This 
might be one of the reasons for the existence of the gas chimney trig-
gering the fault to fail. However, this scenario with fault failure seems 
unlikely in the Aurora area because of a considerable thickness of ductile 
lower Drake caprock throughout the possible injection area. Moreover, 
formation pressures indicate no communication between the fault 
blocks in the present stress-state condition. However, the post-injection 
stress situation might be different; hence a fault seal analysis is needed to 
evaluate all possible sealing risks. 

Although there is a correlation between elastic properties and 
seismic amplitude observed (Fig. 4c), the caprock sealing properties 
complex nature makes it challenging to quantify the sealing potential 
directly from seismic (Rahman et al., 2020). However, calibrating with 
wells, seismic attributes can reveal the relative lateral heterogeneity 
within the study area (Fig. 9). Different cementing processes in the 
chemical compaction realm further complicate the assessment of the 
effectiveness of top seal evaluation. Therefore, like this study, an inte-
grated approach can significantly increase the confidence during the 
assessment of top seal integrity. In addition, the integrated workflow 
proposed in this study might be effective globally during caprock 
assessment for site-specific CCS projects because of the caprock shales’ 
complex properties. However, this workflow does not consider any 
laboratory analysis (i.e., UCS, Triaxial test, etc.) and injection-induced 
stress-strain behavior of the caprock shales, which needs to be investi-
gated before any injection decision makes for any CO2 storage site. 

5. Conclusions 

Characterization of Drake caprock shale, mainly the lower Drake 
unit, is crucial for successful CO2 storage in the Aurora injection site. 
This study introduced an integrated workflow to evaluate top seal 
properties and risk evaluation. The Drake caprock shale from the Aurora 
area is assessed as an example. The critical observations of this study are 
as follows: 

Fig. 12. Elastic property-based brittleness indices calculated using the new E and PR range which are estimated from the five measured Vs wells show the lateral 
variation of the upper (a) and lower (b) Drake units. 

Fig. 13. Formation pressure extracted from NPD (2021) of 5 studied wells 
shows the pressure connectivity between different Groups. Note the depletion 
of the Viking group in the recently drilled well (31/5-7) due to production from 
the Troll Field. 
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■ Although the upper Drake unit is more brittle than the lower unit, the 
Drake Formation caprock shale is relatively ductile.  

■ A new range for Drake Formation shale is proposed to normalize 
Young’s modulus (E) and Poisson’s ratio (PR) based brittleness 
indices estimation. The new range allows a broader BI distribution; 
hence, is suggested for NCS caprock characterization.  

■ An initial basin-specific caprock brittleness template for the E-PR 
cross plot has been proposed based on the EBI2. However, additional 
work is needed to improve this template, hence requiring awareness 
when used.  

■ Caprock quality in the Horda Platform area, specifically in and 
around the injection well (31/5-7), is relatively ductile compared to 
the north and northwest parts of the study area. Considering the 
long-term goal of the Longship CCS project, laboratory analysis 
should be carried out for a better understanding of the caprock.  

■ The formation pressure data and caprock thickness in the Aurora 
area reveal that it is improbable to have a top seal failure scenario in 
the present condition. However, the post-injection stress scenario 
needs to be evaluated for any possible sealing risks; hence, a coupled 
hydro-thermo-geomechanical flow simulation model should be car-
ried out to assess the risks. 

■ Considering the complex nature of caprock shale properties, the in-
tegrated methods used in this study have shown to be useful and 
viable in assessing the overall top seal geomechanical properties and 
integrity. Moreover, irrespective of limitations, the flexibility of the 
workflow indicates the feasibility of using this approach globally. 

Considering all the caprock assessment methods presented in this 
study, we conclude that the top seal at the proposed Aurora site is 
favorable for CO2 storage. 
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