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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). 

M. Fawad et al.                                                                                                                                                                                                                                 



Journal of Petroleum Science and Engineering 205 (2021) 108812

9

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). 

M. Fawad et al.                                                                                                                                                                                                                                 



Journal of Petroleum Science and Engineering 205 (2021) 108812

15

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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