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The evaluation of the interplay between kerogen maturation and total organic carbon (TOC) content within an
organic-rich shale is critical to characterizing source rock shale’s elastic behavior. We analysed a comprehensive
database of twenty-nine well logs, two 3D seismic surveys, and geochemical data of eighteen wells within the
Draupne Formation in the Norwegian North Sea. The Upper Jurassic (Kimmeridgian) Draupne Formation Shale is

TOC . . . . . . .
Maturation found throughout the Norwegian Continental Shelf and is the primary source, carrier, and seal rock in several oil
Kerogen and gas fields. The dataset explores a broad range of depths (2-5 km), total organic contents (0-20 wt%), and
Brittleness various maturation states ranging from immature to overmature. We study the relationship between rock brit-

tleness and organic content as shale matures. We use calculated values of Young’s modulus and Poisson’s ratio.
Academic and industry-standard cutoffs are applied to both the TOC content and maturation level. We introduce
here the Organic Maturation Product (OMP) rock physics template, which incorporates a relationship between
organic content and any subsequent maturation. The degree of brittleness or ductility is impacted directly by the
kerogen maturation process, with lower TOC content having a dampening effect on the transition towards
increasing brittleness. This template allows one to classify rock maturation in nine categories, from low to high
maturation, and link these categories to rock geomechanical properties. Seismic inversion of the 3D surveys and
mapping utilizing the OMP classification reveal how large-scale depositional environment and subsequent
diagenetic events influence both placement and quality of source rock broadly within the basin context of the
North Sea.

Rock physics
Seismic inversion

1. Introduction

The exploitation of unconventional shale reservoirs has driven
continued interest in the characterization and understanding of their
microstructure and their mechanical and hydraulic properties (e.g.,
Vernik and Landis, 1996; Sonnenberg, 2011; Ewy, 2019; Ougier-Simo-
nin et al., 2016; Kennedy and Mayer, 2019). A benefit of these efforts has
been a greater understanding of shales and the importance they have
within conventional and unconventional hydrocarbon plays as both
source and seal/cap rocks. The maturation of organic-rich shales results
in fundamental variations of their geophysical, geochemical, and pet-
rophysical properties (Prasad et al., 2009; Anders et al., 2014). Further
to this, the interaction between the amount of total organic carbon
(TOC) content and kerogen maturation will directly impact the
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organic-rich shale’s quality as a source and cap rock (Hansen et al.,
2020; Rahman et al., 2020).

The Upper Jurassic (Kimmeridgian) Draupne Formation (Fig. 1b) isa
world-class source rock and an effective seal in the Central and Northern
North Sea. This formation stretches over a broad range of depths
(500-6500 m), thicknesses (0-550 m), TOC, and maturity (NPD, 2021).
It provides an ideal candidate to study the interplay between kerogen
maturation and TOC content. In the Southern North Sea, the equivalents
to the Draupne Formation are the Mandal and Tau Formations, which
vary in thickness ranges 1-170 m for the Mandal Formation) and 2-118
m for the Tau Formation. In the Norwegian Sea and the Barents Sea, the
equivalents to the Draupne Formation are the Spekk and Hekkingen
Formations, which vary in thickness range 1-150 m for the Spekk For-
mation and 2-190 m for the Hekkingen Formation (NPD, 2021).
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Mapping how the Draupne Formation varies across the Norwegian
North Sea is an important task that is made difficult by the size of the
basin compared to the number of wells, consistency of the quality of
data, and the relative dimension of seismic surveys to the size of the
basin. A relationship between maturation and geomechanical properties
represented by alterations in brittleness of organic-rich shale has been
proven (Prasad et al., 2011; Zargari et al., 2016). Besides, a relationship
between TOC content and geomechanical properties has been the topic
of many studies, with sometimes contrary conclusions (Grieser and Bray,
2007; Wilson et al., 2017, Mondol, 2018). One group concludes that an
increase in TOC correlates to an increase in brittleness (Grieser and Bray,
2007; Wilson et al., 2017), while another group shows that increased
TOC correlates to increased ductility (Mondol, 2018). Here, we study the
interaction between TOC and kerogen maturation in relationship to
seismic velocity and elastic parameters. While the use of correlations
between elastic properties and brittleness parameters is debated
(Thomsen, 1990, 1996; Holt et al., 2015), it remains a useful tool to
approximate geomechanical properties.

Here, we seek to understand how TOC and maturation can vary both
in terms of depositional and diagenetic characteristics in the Draupne
Formation. To reach this goal, we use mapping of two specific sections of
the basin and utilize 3D seismic surveys at different depths and loca-
tions. Knowledge of TOC and maturation differences are initially built
upon rock physics templates to compare a broad range of well log data in
terms of both depth and shale thickness. The dataset is further supported
by geochemical data, primarily based upon cuttings analysis of
geochemical reports produced by the Norwegian Petroleum Directorate
((NPD, 2021). We introduce a rock physics template called the Organic
Maturation Product (OMP) and demonstrate its utility in clarifying the
relationship between the net amount of organic content and any sub-
sequent maturation. OMP is also used to characterize the impact of salt
diapirism upon maturation.

2. Geological setting

The study area contains structural elements of the Ling Depression,
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Utsira High, Patch Bank Ridge, and Gudrun Terrace that constitute the
main geological structures in the Central North Sea Basin (Fig. 1).
Exploration and development in the region have been variable, with
more data coming from areas that have had greater economic success.
The study area includes the Sleipner Vest and Sleipner @st fields,
providing significantly more data where the study area overlaps with
these fields.

Two major rifting events occurred in the Norwegian North Sea
(Ziegler, 1992; Faleide et al., 2008). The first rifting event occurred in
the Triassic, followed by post-rifting tectonic quiescence. The second
rifting event that occurred in the Late Jurassic — Early Cretaceous in the
North Sea formed significant structural relief (Whipp et al., 2014). This
rifting event, coupled with eustatic sea-level rise, resulted in anoxic,
restricted environments. Subsequent uplift and erosion regionally have
resulted in lateral variations of sediment thickness across the region,
perhaps most significant during the Barremian (Bugge et al., 2001;
Isaksen and Ledje, 2001; Faleide et al., 2008; Hansen et al., 2017). Uplift
of the Mid-North Sea Dome during the Early Jurassic resulted in sub-
sequent nondeposition in certain areas (Ziegler, 1992; Mannie et al.,
2014). Further complicating the geological history, major salt deposi-
tion occurred during the Permian in the Norwegian Continental Shelf
(Jackson et al., 2010; Rossland et al., 2013). Subsequent passive salt
diapirism was shown to impact the structure of the overlying
Jurassic-Cretaceous age deposits, including the Draupne Formation
around the Utsira High and the Ling Depression (Jackson et al., 2010;
Johnson et al., 2021). The salt’s thermal properties can significantly
alter thermal gradient (Daniilidis and Herber, 2017), which in turn can
have an impact on kerogen maturation and the rate of maturation of
organic-rich shale (Johnson et al., 2021).

The Draupne Formation within the Viking Group, part of the Upper
Jurassic, is an organic-rich shale formation equivalent to the Kimmer-
idgian Shale in the UK sector. The formation consists of dark grey-brown
to black, usually non-calcareous claystone, that is occasionally fissile in
nature (NPD, 2021). The mineralogy for the Draupne Formation is
dominated by clays and organic matter. The average clay content for the
Draupne Formation from these studies, within our study area, is 66 +

@ wel

& g : _
- 3 G Basic petrophysics
i 5 9 and Rock-Eval Suites
w
@ well

2 Basic, plus S-wave
o | ;
o &
ol Well
fij - Basic, plus vitrinite
w E reflectance. On a
S 3 red background it

b also has S-wave
Al
& P 5 7 e
e &6 9-11 P a |__| Seismic Survey
/
; Ling Depression s S
Sleipner . = < Gas field
ot &
Terrace “»__ - 1z 2
.. 7 _masfsss L @y 3 B oilfield
16/10-3" M 4 e
@ 16/11-2 | = . Oil and gas field
\
\ §
AR - L i /
FiL ] Norway =, ? i Major
| Oslo T 2
’t‘ \ Shale nated (marine) Faultlines
@ /// [ Sar dominated
— — E
0 5 30km crisa =] Carbonates
North \// Denmark E==] Calcareous shales, limestone

Fig. 1. (a) Map of the study area, including all 29 wells with varying amounts of information, both petrophysical and Rock-Eval suites as defined in the legend, and
the locations and relative sizes of the two 3D seismic surveys utilized (Surveys A and B) (b) Stratigraphy of the Draupne Formation and the underlying and overlying
formations deposited during the Early Jurassic to Late Cretaceous (modified from NPD, 2021).
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4%, the average quartz and feldspar content is 21 + 5%, and the average
carbonate and pyrite content is 13 + 1% (Kalani et al., 2015; Skurtveit
et al., 2018; Nooraiepour et al., 2017; Zadeh et al., 2017; Hansen et al.,
2020; Johnson et al., 2021). The total depth range for the Draupne
Formation from penetrated well in the Norwegian North Sea is from
~500 to 6500 m depth, while thickness ranges from ~0 to 550 m (NPD,
2021). While TOC can reach upwards of 20 wt% in the Draupne For-
mation (Lgseth et al., 2011), a more typical range is from 2 to 15 wt%.
Due to a broad range in depth, TOC richness, and maturity, the hydrogen
index (HI) can vary significantly (present study, Hansen et al., 2019).
Another characteristic of the Draupne Formation in some regions of the
North Sea is intermittent quartz-rich sandstone sections resulting from
sporadic debris flows or turbidites that broke up the deposition of the
clay-rich sections (Bugge et al., 2001; Isaksen and Ledje, 2001). While
the formations Tau, Sauda, Egersund, and Heather also have source rock
potential (Fig. 1b), the quality is poorer and significantly more variable
(Hansen et al., 2019); as such, they were not included in the present
study.

Table 1
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3. Database and methods

Two three-dimensional (3D) seismic datasets, named A and B, have
been used alongside a selected database of twenty-nine exploration
wells based on the location, depth, and thickness of the Draupne For-
mation (Fig. 1). The Draupne Formation depth in our study area is
~2.0-5.0 km, while the thickness is 20-800 m (Table 1). Seismic survey
A covers a large swathe of the Ling Depression and a portion of the Sele
High, while survey B covers a part of the Sleipner Terrace and then
extends west towards the Norway-UK maritime border. Survey A is
roughly four times the size of Survey B (Fig. 1). Despite the difference in
sizes, both datasets provide insight into the Draupne Formation showing
regions with large thickness, depth, and maturity variations. Mapping
out both surveys also allows for broader depositional and diagenetic
trends influencing the Draupne Formation to be inferred.

Well data consisted of both petrophysical well log measurements in
addition to geochemical data acquired in the laboratory on rock samples
along with the wells (Table 1). All well data contained petrophysical

Overview of the twenty nine (29) exploration wells included in the database, the depth and thickness of the Draupne Formation. Well logs and Rock-Eval data available
for each well are indicated. Logging data are Kelly Bushing (KB), Gamma Ray (GR), P-sonic (Vp), S-sonic (Vs), Hydrogen Index (HI), Oxygen Index (OI), Temperature
Max (Tmax), Vitrinite Reflectance (VR), Production Index (PI), and Total Organic Carbon (TOC).

Well (prospect/ Content Draupne Top Draupne GR Vp Vs Density  Resistivity =~ Neutron HI Ol Tmax VR S2 TOC
field) KB (km) Thickness (m) Porosity (measured)
15/3-1 Gas/ 3.84 807 X X - X - X - - X X - X
(Gudrun) Cond
15/3-3 Gas/ 3.91 208 X X - X X X X X X - - X
(Gudrun) Cond
15/3-5(Sigrun) Oil 3.70 73 X X X X - X X X X X X X
15/3-8 Oil/Gas 3.82 222 X X X X X - - - - - -
(Gudrun)
15/5-2 (Eirin) Gas 3.64 72 X X - - X - X X X - - X
15/5-3 Oil 3.56 135 X X - - X - X X X - - X
Shows
15/6-4 Dry 3.05 30 X X - - X - X X X - X X
15/6-6 (Sleipner Gas/ 3.28 20 X X - X X X X X - - X
Vest) Cond
15/6-10 (Freke)  Gas/ 3.35 36 X X X X X X - - - - - -
Cond
15/8-2 Dry 3.65 76 X X X X X X - - - - - -
15/9-1 Oil/Gas 3.27 108 X X - X X X - - - - X
(Sleipner
Vest)
15/9-2 Gas/ 3.29 82 X X - X X X X X X - - X
(Sleipner Cond
Vest)
15/9-4 Gas/ 3.17 147 X X - X X X - - - - - -
(Sleipner Cond
Vest)
15/9-6 Dry 3.36 230 X X - X X X - - - - - -
(Sleipner
Vest)
15/9-11 Gas/ 2.66 14 X X X X X X X X X X X X
(Sleipner @st) Cond
15/9-18 Dry 3.01 105 X X - X X X - - - - - -
15/9-21 Dry 4.32 269 X X - X X X - - - - - -
(Sleipner
Vest)
15/9-22 Dry 3.30 148 X - - - X - X X X X X X
15/9-23 Dry 2.86 100 X X X X X - - - - - -
15/12-1 0il 291 23 X X - X X X X X X - X X
Shows
16/1-7 (Ivar 0il 2.64 171 X X - X X X X X X X X X
Aasen)
16/4-2 Dry 2.87 152 X X - X X X X X X - X X
16/6-1 Dry 1.90 32 X X - X X - X X X - - X
16/7-2 Gas 2.50 89 - X - X X X X X X X X
16/8-3S (Lupin) Dry 2.50 86 X X X X X X X X - X X
16/9-1 Dry 2.21 169 X X - X X - - - - - -
16/10-3 Dry 2.43 20 X X - X X - X X X - X X
16/11-2 Dry 2.06 75 X X - X X - X - - X X X
17/4-1 (Vette) Dry 2.02 95 X X - X X X X X X X - X
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measurements that include the typical suite of wireline logs such as
gamma ray (GR), bulk density (p), neutron porosity, resistivity (R), and
P-wave velocity (Vp). Among the twenty-nine wells, only seven of them
contained S-wave velocity (Vs) data. There was a wide range in the
vintages of well logs, ranging from 1967 to 2013, with ~80% of the
wells from the 1960s-1990s (NPD, 2021). Sonic logs were de-spiked and
filtered to remove and correct for anomalous data points. Additionally,
all well logs were checked for artifacts from washouts, casing points, and
mud filtrate invasion. Corrections were made where they were required.
Finally, all well logs were normalized to determine appropriate ranges
and cutoffs. Note, most corrections that were applied occurred outside of
the Draupne Formation and therefore had no material impact on the
study. Geochemical data were also available through Rock-Eval and
optical reflectance measurements for eighteen out of the twenty-nine
wells. The amount of data and data type available varied greatly be-
tween wells, possibly including Hydrogen Index (HI), Oxygen Index
(OD), TOC, S2, Ty, and vitrinite reflectance (R,). Here, S2 represents
the amount of hydrocarbons generated through the thermal cracking of
nonvolatile organic matter.

Efforts were made to fully utilize the available dataset; however,
there were several inherent limitations presented by both the type and
quality of data. The seismic datasets allow for the estimation of P-
Impedance and S-Impedance; however, angle limitations (~40°) for
both datasets prevent the use of density. Further to this, anisotropy in-
formation is not available for either seismic cube, which limits the
geomechanical interpretations possible for shale with the seismic data
(Sayers and Dasgupta, 2019). If well log data available were plentiful,
the study would have benefitted from nuclear spectroscopy logs, which
could have been used to directly estimate the TOC and mineralogy
(Craddock et al., 2019).

The mineralogical composition has an impact on brittleness. In
shales, the content of soft components (clay minerals, TOC) and stiff
components (quartz, feldspar, carbonate, pyrite) control brittleness
(Jarvie et al., 2007; Jin et al., 2014; Alzahabi et al., 2015; Bourg, 2015).
The acccumulations of microquartz, which precipitates at around 80 °C,
may increase brittleness (Thyberg et al., 2009). Avseth and Carcione
(2015) highlight that the presence of calcitic beds interbedded with the
Draupne Formation near the Horda Platform would also increase brit-
tleness. On the other side, Bourg (2015) argues that shale behavior will
be inherently ductile above a threshold of 34% clay content. With a clay
content of ~66%, the Draupne Formation exceeds this threshold, and in
Bourg (2015) the Draupne Formation had one of the highest clay con-
tents investigated. While clay mineralogy is of secondary importance to
overall mineralogy in terms of brittleness (Rahman et al., 2020), it has
been shown that clay mineralogy can have an impact on brittleness and
even the behavior of faults (Haines et al., 2009; Soto et al., 2021).

In addition to mineralogy, pore pressure and fluid effects are also
known to have an impact on the brittleness of organic-rich shales (Cook,
1999; Nygard et al., 2006). Increases in pore pressure will cause an in-
crease in brittleness (Nygard et al., 2006), which can have an impact on
the integrity of a shale formation (Rahman et al., 2020). Maturation
transforms brittle kerogen lenses into hydrocarbons (Chauve et al.,
2020). The expulsion of fluids will have an impact on the pore fluid
pressure in the shale, which is controlled by the rate of expulsion,
compared to the ability of the shale to either absorb or expulse the fluid
to surrounding formations (Wu et al., 2016). The expulsion of fluids to
surrounding formations will be directly impacted by the degree of
microfracture creation linked to hydrocarbon expulsion (Chauve et al.,
2020).

3.1. Reference rock physics analysis

Rock physics analysis presented here is based on well log data and
separated into two basic templates. We selected these templates to
investigate the relationship between elastic properties and TOC, as well
as influences on maturation. The first template is a crossplot of P-wave
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velocity with bulk density utilized for both simplicity and consistency.
Additionally, the results and the conclusions drawn from these data are
the same for this dataset when compared to a P-wave velocity with S-
wave velocity crossplot. As a result, we will focus on P-wave velocity
with bulk density crossplots. The second template utilized is a cross plot
between Young’s modulus and Poisson’s ratio. Poisson’s ratio contains
information of P- and S-wave velocities, while Young’s modulus con-
tains information on bulk density in addition to the other two. Young’s
modulus and Poisson’s ratio were calculated using Equations (1) and (2)
(Zoback, 2007):

2 2
v _ 2 1)
2vy —2ve
E=pVign—a 2)
P s

where v, E, Vp, Vs, and p are Poisson’s ratio, Young’s modulus, P-wave
velocity, S-wave velocity, and density, respectively. The two rock
physics templates utilize three independent properties: P-wave velocity,
S-wave velocity, and bulk density. However, by combining and dis-
playing these three parameters in different ways, one can highlight
different rock properties. For example, the cross-plot between P-wave
velocity and either density or S-wave velocity is used to differentiate
broadly between lithologies (Gardner et al., 1974; Castagna et al.,
1985). Poisson’s ratio and Young’s modulus can be crossplotted in order
to investigate the ductility or brittleness of rock (e.g., Perez and Marfurt,
2014). Young’s modulus is a proxy for a rock’s brittleness, with a built-in
assumption that a higher value will correspond to a greater required
applied stress to induce a given strain (Fox et al., 2013), while Poisson’s
ratio describes lateral expansion to axial contraction (e.g., Fjaer et al.,
2008). When calculating Young’s modulus and Poisson’s ratio, one must
remember that they are calculated utilizing both P- and S-wave veloc-
ities (Equations (1) and (2)). As such, they are not perfect representa-
tions of their laboratory counterparts (Thomsen, 1990, 1996).

Further to this, brittleness in itself is a broadly defined term (Holt
et al., 2015). Jarvie et al. (2007), among others (Glorioso and Rattia,
2011; Jin et al., 2014; Alzahabi et al., 2015) relate brittleness to
mineralogy directly (MBI), utilizing variations on the equation:

Qtz + Carb + Fsp + Py

MBI =
Qtz + Carb + Fsp + Py + Cly + TOC

3

where Qtz is quartz (wt%), Carb is carbonate (wt%), Fsp is feldspar (wt
%), Py is pyrite (wt%), Cly is total clay (wt%), and TOC is total organic
carbon (wt.%). MBI ranges between 0 (ductile) to 1 (brittle) and in-
creases with increasing brittleness. As previously stated, mineralogy
data are not available for many wells in our study area. However, the
MBI range given by bulk mineralogy analysis from other studies within
the area (Kalani et al., 2015; Skurtveit et al., 2018; Nooraiepour et al.,
2017; Zadeh et al., 2017; Hansen et al., 2020; Johnson et al., 2021) is
confined to 0.18-0.28 based on Equation (3). This confirms that the
Draupne Formation would be considered ductile utilizing this method,
and that it would plot within a narrow window for the study area.

An alternative definition for brittleness is based on elastic properties
(EBI), utilizing calculated values of Young’s modulus and Poisson’s
ratio. Grieser and Bray (2007) provide an empirical equation for this
approach:

1| E—E,

EBI=—
2| Epax — Enin

UV — Upax

4

Vmin — Vmax

where E is the static Young’s modulus, Epax is 69 GPa, Ep,ip is 0 GPa, vis
the static Poisson’s ratio, Vmax is 0.5, and vpiy is 0. Also, the higher the
EBI value is, the more brittle the caprock is. Given data availability, and
the nature of the dataset, the present study focuses on the elastic
approach to brittleness. Therefore, we use the template provided by
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Perez and Marfurt (2014). This template has been widely utilized in
geomechanical studies (e.g., Gray et al., 2012; Johnson, 2017; Hansen
et al., 2020) and applied to shale reservoirs, caprocks, and seals alike.

This template was calculated for the eighteen wells where Vs data
were not available. A comparison was made between Castagna et al.
(1985) empirical method and an empirical relationship between Vp and
Vs. While both methods are imperfect, based on a blind well test, the
empirical relationship estimated purely from Vp was more accurate and
therefore used for the present study. However, it was only utilized as a
point of comparison to the seven wells with available Vs data and as an
independent verification against the two seismic inversion’s results.
Thereby, the Z-axis is used on both of the rock physics templates to
investigate how the rock properties vary with depth, temperature,
porosity, and TOC content, respectively. Porosity and depth were taken
directly from the well logs. Temperature (°C) was taken from recorded
bottom-hole temperatures (BHTs) and then extrapolated for all of the
data points based on a depth-temperature curve established from all of
the wells (Equation (5)) with a high R? value of 0.9.

T=0.031d +20.8 )

where T is temperature measured in degrees Celcius and d is depth
measured in meters. Temperature is not Horner (1951) corrected, as the
data required to do so are rarely available. However, it appeared to
confirm the trend established where data were available. TOC was
calculated in various ways and compared for the results that best match
the laboratory values of TOC. The AlogR method utilizes sonic and re-
sistivity logs (Passey et al., 1990, 2012), while both Schmoker and
Hester (1983), as well as Vernik and Landis (1996), proposed
density-based methods. Further to these, Heslop (2010) proposed a
method that utilizes gamma ray and deep resistivity logs. While all
methods matched the data well, we found that the density-based
approach by Schmoker suited the results best. A high R? value of 0.95
was found between the calculated and measured data.

3.2. Seismic inversion workflow

The seismic datasets were all processed prior to receiving them, and
we inspected them to ensure they matched the criteria for successful
seismic inversion (Yilmaz, 2001). Both Hampson-Russell and Jason
Geoscience Workbench softwares were used for the inversions. Survey A
is post-stack data, while Survey B is pre-stack data. For both seismic
surveys, velocity models were created or improved upon utilizing sonic
curves and Vertical Seismic Profiles (VSPs). Improving the velocity
models was assisted in part by confirming horizons with an extensive 2D
seismic line network. The velocity models were later improved through
the horizon picks and the well-ties as part of the seismic inversion
process. The 3D seismic datasets show a variation in depth and thick-
ness. Both datasets had sufficient seismic coverage (i.e. frequency range,
fold) for the Draupne Formation. The processing for both seismic cubes
was completed to preserve amplitudes and was consistent with what is
required for post- and pre-stack inversion and amplitude versus off-
set/angle (AVO/AVA) analysis (Yilmaz, 2001). Analysis of frequency
content for both cubes revealed similar qualities, with frequency ranges
from 4 to 70 Hz. Seismic artifacts, which can be due to either acquisition
or processing, correspond to coherent anomalies (Galbraith and Hall,
1997; Marfurt and Alves, 2014). They were identified and removed
where possible. Cross-equalization of the surveys was carried out to
compare the two surveys (Rickett and Lumley, 1999; Baytok and Pran-
ter, 2013). Wavelet equalization was not critical as a comparison be-
tween wavelets in the two datasets revealed no major deviation in the
reflective character of the Draupne Formation.

After a rock physics review of the well logs, a critical step for suc-
cessful inversion, one can proceed with the inversion itself. A three term,
Aki-Richards, constrained sparse-spike inversion (CSSI) was utilized for
this study as it sets the correct absolute impedance range but does not
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depend directly on the impedance log information (Russell, 1988;
Duenas, 2014). The objective function (Equation (6)) for CSSI outlines
the core constraints that the user attempts to minimize. For the most
accurate representation of the subsurface model, it is best if the inver-
sion relies on the fewest number of free parameters as possible because
of the non-uniqueness inherent to the problem (MacFarlane, 2014).

F(Vp7 stp) = Z (F:e[:m[c + Fcommsz + Fm'nd + Fxpatial + FSVD + FGardner + qudrack)
(6)

where each term represents a misfit function that has been calculated for
each seismic trace as a function (F) of the three basic parameters that
result from seismic inversion: P-wave velocity (V},), S-wave velocity (V),
and bulk density (p). Specifically, Fgeismic controls the seismic residuals,
Feontrast €nsures the solution is sparse by controlling the parameter
variance, Fyenq stabilizes the frequencies related to the trend, Fypagal
controls the smoothness of the output, Fgyp (singular value decompo-
sition) stabilizes the inversion, Fgardner constrains the density, and Fyy,.
drock constrains the S-wave velocity component. Note, accurate Gardner
and mudrock trends (Gardner et al., 1974; Castagna et al., 1985) are
critical inputs and part of why the rock physics templates used here were
chosen. Joint facies-impedance inversion which uses local, facies
dependent depth trends (Kemper and Gunning, 2014; Somoza et al.,
2015) and supervised machine learning derived depth trends (Yen-
wongfai et al., 2019) were not investigated here. Joint-facies-impedance
inversion updates the low-frequency model through an iterative
approach resulting in optimized facies models and elastic properties
(Kemper and Gunning, 2014). Supervised machine learning, while
relatively new is an approach being further investigated in the literature
(Yenwongfai et al., 2019).

A low-frequency model accomplishes two critical goals (1) it accu-
rately represents the well data, and (2) it accounts for the missing low-
frequency information not present in the seismic data (Kumar and Negi,
2012). A simple low-frequency model was used with five different
methods tested within the software Jason Geoscience Workbench: in-
verse distance weighted, locally weighted, triangulation, natural
neighbor, and global kriging. Global kriging uses a linear combination of
weights applied to known data based on a model of spatial correlation,
in which the global mean frequency is based on all of the control points
(Sheriff, 2002). Well tie and wavelet estimation were carried out for all
wells within both surveys. An inverse wavelet, typical for the North Sea
(Cox et al., 2020), with a phase of 180° was found for all wells. The
time-depth relationships for each well-tie showed little variation sug-
gesting no major alterations due to the stretch-squeeze process. A
comparison of seismic data with synthetic traces reveals a strong cor-
relation suggesting reliable seismic inversions for both surveys.
Signal-to-Noise Ratio (S/N) was shown to be high for all stacks sug-
gesting good seismic quality. Key parameters for the inversion (Equation
(6)) and the rock physics review are shown in Table 2. After initial data

Table 2
Overview of inversion parameters for both 3D seismic surveys. SVD is singular
value decomposition.

Parameter Survey A (value)  Survey B (value)
Window Draupne FM Draupne FM
Gardner Slope 0.30 0.30
Mudrock Slope 0.86 0.86
Contrast misfit P-Impedance uncertainty 1 1

(%)
Contrast misfit S-Impedance uncertainty 5 5

(%)
Contrast misfit Density uncertainty (%) 10 10
Seismic misfit S/N ratio average 18 12
Relative SVD threshold (%) 1 1
Wavelet scale factor 1 1
Merge cutoff frequency (Hz) 4 4
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quality control, the workflow for the seismic inversion is shown in Fig. 2.
Finally, the most critical external review is a blind well test, which
compares how well the inversion predicts the seismic wave velocities
and elastic properties of a well that has not been included in the
inversion process. To do this test, we extracted a pseudo-well at the same
location as the blind well from the inversion results. In turn, the pseudo-
well results were crossplotted with the actual elastic properties from the
blind well. An improvement upon this method included pseudo-wells at
the same location as the wells involved in the inversion process, in
addition to the blind well (Fig. 3). A comparison of all of these results,
with a good correlation, was indicative that the petrophysical and
seismic inversion results mirror one another. A significant improvement
resulted for the S-Impedance, while P-Impedance slightly degraded.

3.3. Quantity of organic material and maturation thereof (organic
maturation product)

We have obtained maturation trends by utilizing geochemical data.
These data also provided baseline knowledge of the source rock shales
and the hydrocarbon therein, including kerogen type and organic con-
tent variations. Note that while there is usually an abundance of points
taken for the whole well from cuttings, focusing solely on the Draupne
Formation severely cuts the number of potential data points per well.
Vitrinite reflectance (R¢) data provides the best proxy for maturation
(Tissot and Welte, 1984) where available. However, there were fewer
initial datapoints for vitrinite reflectance (R,) available within our study
than there were for other data types, including but not limited to
Hydrogen Index, TOC, and Tpax. This is not an uncommon problem with
Rock-Eval datasets, especially for the North Sea (NPD, 2021; Sadeght-
abaghi et al., 2020). Subsequently, the limited numbers of vitrinite
reflectance data were further reduced due to the high uncertainty values
present in some of our samples. Also, geochemical data were quality
controlled with the specific intention of culling maturity data with low
TOC (<2 wt %) or low S2 values (<5 mg HC/g rock) for the calculations
with Tpayx, HI, and OI as they are not representative of the Draupne
Formation as a whole. Here, S2 represents the amount of hydrocarbons
generated through thermal cracking of nonvolatile organic matter.
Despite these uncertainties, crossplotting of depth and vitrinite

NN\
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reflectance provided insight into the maturation level. Vitrinite reflec-
tance can be quantified, where there are fewer data points, with the
interpretation of hydrogen index (HI) versus TOC. While crossplotting
hydrogen index (HI) and Tp,ax can provide insight into maturation, one
can also confirm kerogen type with this plot (Banerjee et al., 1998).
Finally, kerogen type can also be investigated using cross-plots of S2
versus TOC (Espitalie et al., 1985).

A linear relationship can be identified between maturation and
depth, with an R? value of 0.73 (Fig. 4). The empirical relationship that
correlates depth (d) in meters with vitrinite reflectance (R,) for this
region is given by:
+0.04 (7

d
Ro=t1812
where vitrinite reflectance is represented as a mean R value based on all
vitrinite particles measured for a given sample, and depth is represented
in meters. However, recognizing that the slope of the trendline within a
linear system was different depending on the depth provided the op-
portunity to view it as potentially exponential. The analysis indicates
that an exponential relationship, representative of the chemical kinetics
of thermal maturation, may better fit the empirical data. The value of R?
for the empirical exponential law relationship is 0.82, while the
empirical relationship is as follows:

(mﬁ —1.41)
R() =e (8)

While the relationship between vitrinite reflectance and depth
(Fig. 4) shows that our estimate is close to the regional trend (Baig et al.,
2019), it is also true that both for the study area and within the Nor-
wegian North Sea vitrinite reflectance data can be limited. So while a
clear trend exists, due to the limited number of vitrinite reflectance
datapoints and the quality thereof, the estimation of vitrinite reflectance
utilizing a crossplot of hydrogen index (HI) with measured TOC from
Vernik and Landis (1996) is used for this study. The trendlines are best
representative of type II and III kerogen (Vernik and Landis, 1996),
which this dataset predominantly contains, discounting some data from
well 15/9-11 and limited data from well 15/3-1. First, the results were

Rock Physics Template

=
N/
-

\ Creation Process
s

Y N

. - [

Seismic Inversion Process

Fig. 2. Workflows implemented for the seismic inversion (blue) and for the creation of the Organic Maturation Product (OMP) rock physics template (green) that
describes the relationship between seismic velocities and elastic parameters that accounts for geochemical data.



J.R. Johnson et al.

R2=0.91

» Well Log (*10° m/s*kg/m’) '

= (A) P Impedance

Marine and Petroleum Geology 138 (2022) 105525

R2=0.86

& (B) P Impedance Blind

4 14 4 14

N
o

-

2

N Well Log (*10° m/s*kg/m?)

2 Seismic - Pseudo Well Log (*10° m/s*kg/m’)

’ (C) S Impedance

7.5 2 Seismic— Pseudo Well Log (*10° m/s*kg/m’?)

R2=0.88

., -

= (D) S Impedance Blind

7.5
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extracted from Survey B shows strong correlations between them for both P-Impedance (a) and S-Impedance (c). A comparison with a blind well is calculated as an
additional quality check, revealing a comparably good correlation for P-Impedance (b) and S-Impedance (d).
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divided into three categories with regards to TOC, low (<2 wt %), me-
dium (2-5 wt %), and high (>5 wt %). Utilizing the vitrinite reflectance
trendlines, the data were further classified into immature, early mature
oil generation, late mature oil generation, and gas generation. Table 3
summarizes the combinations of these categories.

The TOC (wt %), to a large degree, determines the potential quantity
of expelled hydrocarbon. Low TOC, or low potential hydrocarbon, was
determined to be 2 wt% based on accepted industry and academic
standards (Kuuskraa et al., 2013; Cooke, 2014; Steiner et al., 2016).
Where there is a deviation from this number, it remains £0.5 wt%.
Regionally, Hansen et al. (2019) established that a significant amount of
the source rock for the Draupne Formation and surrounding source rocks
have a TOC ranging from 5 to 12 wt%. TOC above 5 wt % is considered
to be top tier by Beaumont and Foster (1999). Here, it was considered
that 5 wt% defines the cutoff between medium TOC and high TOC.
While rocks with higher TOC have greater hydrocarbon potential, this

parameter does not alone guarantee hydrocarbon expulsion. Matura-
tion, as defined through its proxy vitrinite reflectance, is another control
parameter of expulsion. The trends established by Vernik and Landis
(1996) were used to estimate vitrinite reflectance values, which were in
turn, used to define if hydrocarbon expulsion occurred.

Seismic facies were produced based on the Organic Maturation
Product (OMP) facies. To do this, two distinct, discrete background
models were created utilizing Bayesian theory to generate probability
volumes from the inversion results (Pendrel et al., 2006). The first
discrete model separated TOC into the three distinct classes discussed
above. The second discrete model separated maturation, as vitrinite
reflectance was estimated from the crossplot of hydrogen index and
TOC, into the four classes discussed above. In order to combine them, we
took the product of TOC as a discrete model and its maturation as a
discrete model, i.e., the Organic Maturation Product (OMP), as shown in
Table 3 and represented in Equation (9).
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Table 3
The Organic Maturation Product (OMP) facies contains nine classes defined based on two components, TOC and maturation, as estimated using vitrinite reflectance
(VR).
Organic Maturation Product Facies Total Organic Carbon (TOC wt.%) Vitrinite Reflectance (VR % Ro)
Low TOC <2 -
Medium TOC, Immature 2-5 <0.5
Medium TOC, Early Oil Generation 0.5-0.75
Medium TOC, Late Oil Generation 0.75-1.3
Medium TOC, Gas Generation >1.3
High TOC, Immature >5 <0.5
High TOC, Early Oil Generation 0.5-0.75
High TOC, Late Oil Generation 0.75-1.3
High TOC, Gas Generation >1.3
OMP = TOCgiscrere moderMaturation giserese modet (C)] 4. Results

Discrete models create a relationship between calculated elastic
properties, in this case, P-Impedance and S-Impedance, and other
calculated rock properties. The other calculated rock properties here are
TOC and maturation, which have cut-off values assigned based on in-
dustry and academic standards as previously discussed. Prior probabil-
ities were then calculated for each discrete model’s different
components for both seismic Surveys A and B based on the well logs.
Finally, probability distribution functions (PDFs) were used to separate
the components of each discrete model in a crossplot of P-Impedance
and S-Impedance. Fig. 5 displays an example of the product of this
workflow, where data in well 15/9-18 have been classified into its
discrete components TOC and maturation. The result, the Organic
Maturation Product, for well 15/9-18 can be seen overlaid onto the
Organic Maturation Product of seismic traces from Survey B around that
well. The result is a classification of rock maturation property into nine
different classes and provides a way to characterize better the interac-
tion between TOC and maturation in organic-rich shales. Additionally,
the mapping of the OMP allows one to investigate depositional and
diagenetic impacts simultaneously.

TOCdxscrete model Matur, atlondiscrete model

Draupne Formation

Organic Maturation

The results of our investigation are based on geochemical analyses,
rock physics relationships, seismic inversion signatures, and the derived
seismic facies. For both simplicity and consistency, our study focuses on
two rock physics models. P-wave velocity and density data have
approximate ranges of ~2.2-3.6 km/s and ~2.3-3.0 g/cm®. Poisson’s
ratio and Young’s modulus, calculated from these two basic parameters
and S-wave velocity, have a range of ~0.2-0.4 and ~10-80 GPa. In an
X-Y plot, Gardner and mudrock slopes (Gardner et al., 1974; Castagna
et al., 1985), key inputs to the seismic inversion, are calculated utilizing
rock physics modeling and are 0.3 and 0.86, respectively, for the
organic-rich shale portion of the Draupne Formation. For Gardner slope
estimation, the X-Y plot is density-Vp, and for mudrock estimation, the
plot is Vs-Vp. Comparisons of the organic maturation product, as seismic
facies, with the seismic inversion results is instructive because there is an
effect of both TOC content and maturation on seismic inversion pa-
rameters, i.e., P-Impedance, S-Impedance, and Poisson’s ratio.

Fig. 5. TOC discrete model (left column) and matu-
ration discrete model (middle column) for well 15/

Product 9-18, with the resulting Organic Maturation Product,

NANERERIRRNANRNT|

Depth (km)

%

3.1
Heather Formation
[l High TOC (<5 wt. %)
B Medium TOC (2 - 5 wt. %)
M Low TOC (=2 wt. %)

B Late (<1.3 % R0)
M Early (0.5-0.75 % RO)
B Immature (0.5 % R0)

OMP (right column). The corresponding seismic
facies (3D seismic Survey B) is indicated for the well
sitting on the background in the right column. TOC is
separated out into low, medium, and high values.
Maturation is separated out into immature, early oil
generation, and late oil generation. A higher spatial
resolution is present for the well log data than for the
seismic data, and therefore more details are repre-
sented in the well log data. Considering the difference
in spatial resolution, the background trend is consis-
tent between the well log and the seismic data.
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M Medium TOC, Late
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Fig. 6. Four parameters on a P-wave velocity versus density rock physics template. P-wave velocity and density in Draupne shale rocks are crossplotted with depth
(a), temperature (b), porosity (c), and TOC (d). Averages for sand and shale facies are shown in yellow and grey, respectively, with Gardner’s relationship in orange
(Gardner et al., 1974). Data above the sand line (yellow) show quartz-rich intra-Draupne turbidites, while data below the shale line (grey) correspond to extremely
clay-rich Draupne shale. Between these two lines, data contain shales with varying amounts of quartz content. In this study, data points located above the black
dashed line are related to quartz-rich intra-Draupne turbidites, for which the TOC content values are meaningless in plot (d). (For interpretation of the references to

color in this figure legend, the reader is referred to the Web version of this article.)

4.1. Rock physics analysis

A clear link exists between depth and elastic properties, wave ve-
locities, and density (Fig. 6a). The increase in bulk density and V, is
likely due to compaction with depth. An inspection of the data utilizing
the rock physics template proposed by Perez and Marfurt (2014) for
geomechanical studies shows a relationship between depth and me-
chanical properties where shallower rocks are more ductile in nature
than deeper rocks (Fig. 7a). However, data confirm that depth alone
does not explain the mechanical properties of the rock (Fig. 7a). The
Gardner relationship shows a separation between the organic-rich shale
from the turbiditic quartz-rich sequences (Fig. 6). Averages for
quartz-rich rocks and clay-rich rocks are located above and below the
Gardner relationship, respectively. Any values for TOC above the sand
line (Fig. 6d) must be strictly ignored as TOC is not present in the
quartz-rich sequences. It can be seen that the average depths of the
quartz-rich turbiditic sequences are typically deeper than that of the
organic-rich shales. However, there are some shallow quartz-rich sec-
tions as well (Fig. 6a). Organic-rich shales make up a larger portion of
this dataset, with more variable depths than the turbiditic sequences.

Similar to the increase in depth, a general rise in temperature relates
to the increase in P-wave velocity and density (Fig. 6b). The clay-rich
rocks in the data set cover a substantial range of temperatures from
~70 to 160 °C. These significant ranges of temperatures were seen for all
the seismic wave velocities with high clay content (Fig. 6b). Overall
temperatures tended to be higher for the turbidites than the organic-rich
shale. While this effect may be partly attributed to quartz-rich rocks
transmitting heat better than clay-rich rocks, as demonstrated experi-
mentally by Robertson (1988), the dominant influence is likely the
typical thermal trends with depth.

An inverse relationship exists between porosity and P-wave velocity
(Fig. 6¢), where shallower rocks tended to have higher porosity values.
Porosity also tends to have an inverse correlation with both temperature
and depth due to overriding compaction trends (Fig. 6¢). However, the
data show a smaller range of porosity for the clay-rich shale despite a
larger range for both depth and temperature (Fig. 6¢). Nonetheless, a
deviation from this effect is clearly shown for the Draupne Formation
over an extensive range of depths within a dataset (Fig. 7c). Both the
highest and lowest porosity rocks are ductile, while a range between
these can be classified as being increasingly brittle. A closer inspection of
the dataset shows that the orientation of the porosity crosscuts the rock
physics template describing the mechanical nature of the rock.

The relationship between TOC and seismic wave velocity properties
is more complex, although trends are still present (Fig. 6d). Clear local
variations are present within TOC compositions. This varied from all of
the other trends, which are readily seen utilizing the Vp-density rock
physics template (Fig. 6a—c). However, a comparison between depth and
TOC for the Vp-density plots does reveal that higher values of TOC tend
to be present for shallower portions of the Draupne Formation. This can
also be seen on Young’s modulus-Poisson’s ratio crossplot (Fig. 7d).
Isaksen and Ledje (2001) separated the Draupne formation into Upper
and Lower sections, showing that the Upper section had a tendency to be
more TOC-rich. This means that both regionally and locally, rocks tend
to be more TOC-rich when shallower. The key to the more precise sep-
aration of TOC within the elastic parameters is the S-wave component
present in both Poisson’s ratio and Young’s modulus (Fig. 7d), as shown
by a comparison of the two rock physics templates.

The rock physics template used for geomechanical studies shows a
porosity-dependent relationship between TOC and the mechanical
behavior of the material. Specifically, there is a general trend wherein
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higher TOC correlates to more brittle behavior (Fig. 7d). However, TOC-
rich shale can behave more ductile if it also has higher porosity (high
values of v, low values of E; Fig. 7c and d). Therefore, the relationship

Draupne FM

jiPraupne £V

between TOC and its mechanical behavior is best considered with
knowledge of porosity values.

Fig. 7b shows a generally positive trend between increasing
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Fig. 8. Comparisons of seismic data with P-Impedance, S-Impedance, and Poisson’s ratio with a focus on the Draupne Formation (layer with brighter colors), along a
cross-section extracted from an arbitrary profile in Survey A shown in the bottom right inset. (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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temperature and brittleness, as expected, however here too, exceptions
exist. Specifically, it can be noted that both depth and temperature
trends show TOC-rich shale that is increasingly more brittle than their
TOC-poor counterparts at similar depths and temperatures (Fig. 7a, b,
and d). Finally, it should also be noted that salt intrusions have been
shown to significantly alter the thermal gradient (Daniilidis and Herber,
2017) where present and that salt intrusions are clearly visible around
Survey A (Fig. 8).

4.2. Mapping rock properties utilizing seismic inversion

Since our dataset includes two 3D seismic volumes, it is possible to
map two distinct sections of the basin in terms of depth, temperature,
and maturation. While a time-depth conversion of the seismic dataset is
beyond the scope of this study, well logs place the Draupne Formation
for Survey A at a range of depths of ~2000-2600m. Based on well log
data, the depths of the Draupne Formation for Survey B have a range of
~3200-3800m. Rock physics templates show a positive correlation
between depth and temperature suggesting ranges of ~82-101 °C and
~119-138 °C for Survey A and B, respectively. However, the tempera-
ture range can have a deviation as large as 25 °C higher due to salt in-
trusions from the background trend (Daniilidis and Herber, 2017).
Seismic inversion results included the original amplitude volumes and
the seismic inversion derivative volumes of P-Impedance, S-Impedance,
and Poisson’s ratio. While 3D volumes of Young’s modulus can also be
created, they were not included here as they rely upon having
well-interpreted density results in addition to P-wave and S-wave ve-
locity seismic data sets.

Within Survey A, the Draupne Formation generally appears to have
one interface within the formation, as seen on the seismic data. Salt
diapirs are present around the formation in two areas towards the
shallower section of the arbitrary cross-section, as marked by the dashed
outlines (Fig. 8). The P-Impedance and S-Impedance seismic datasets
revealed that the Draupne Formation could be classified into upper and
lower layers, where the lower layer has significantly higher impedance

Marine and Petroleum Geology 138 (2022) 105525

values. While the Draupne Formation has lower impedance values than
both the overlying Asgard Formation and the underlying Vestland
Group, the transition is sharper with the latter. The difference between
impedance values is consistent with lithological variations, confirmed
by both core and well log analysis. However, the variation in impedance
values internal to the Draupne Formation cannot be lithological or
mineralogical, as Hansen et al. (2020) showed that disparate data
geographically within our study area share the same portion of a
mineralogical ternary diagram. Poisson’s ratio could not separate the
two layers; however, it shows where the Draupne Formation stands
mechanically different from the surrounding layers.

For Survey B, the 3D seismic dataset indicates two clear interfaces for
the Draupne Formation. Both P-Impedance and S-Impedance results
reveal a more complex picture than for Survey A (Fig. 9). The impedance
volumes extracted show that the Draupne Formation separates into
three layers instead of the expected two layers in this part of the basin.
The bottom and top layers typically have lower values of impedance
than the central layer, whose values best mimic the overlying Asgard
Formation or underlying Heather or Hugin Formations. While it is
known that the impedance differences between formations are litho-
logical, the extreme contrast between values could be indicative of a
lithological difference due to the intra-Draupne turbiditic sands. Both
well log analysis and core photos available support the interpretation
that the central layer is a quartz-rich turbiditic sequence for some of
those wells in Survey B. Interestingly, within the Draupne Formation,
the impedance trends for Survey B are opposite of those for Survey A.
The higher impedance values are in the upper Draupne Formation, as
opposed to the lower Draupne Formation. It was difficult to separate the
Poisson’s ratio into different sub-layers of the Draupne Formation, likely
due to similarly low values for both the P-Impedance and S-Impedance
data. A comparison of the two 3D seismic datasets revealed that while
impedance data have similar values, there is a marked change in the
Poisson’s ratio with a decrease from Survey A to Survey B (Figs. 8 and 9).
Based on established rock physics trends, this would indicate that the
deeper Survey B is generally more brittle.
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Landis, 1996). (b) S2 vs. TOC (wt. %) shows kerogen type and its likely origin, and (c) Hydrogen Index versus Tp,ax Shows both kerogen type and a general maturation

trend (modified from Isaksen and Ledje, 2001).
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4.3. Interplay between organic content and maturation

Maturation, TOC content, and kerogen type are the main results from
the laboratory geochemical analyses. Kerogen type is predominantly
Type II, Type II-I1I, and Type III with some Type I and Type IV (Fig. 10b).
TOC content within the study area is known to vary from 0 to 20 wt %
(Thyberg et al., 2010; Zadeh et al., 2017). However, the geochemical
data show a more constricted range from 0 to 12 wt % (Fig. 10a and b),
with data below ~2 wt % not always being included in the geochemical
reports. Rock physics templates show that well log data have a similar
TOC range with the highest values around 15 wt% (Figs. 6d and 7d).
Understanding maturation, utilizing vitrinite reflectance or an estimate
thereof as a proxy, is the main outcome from the geochemical analysis.
The dataset is shown to range from immature to late oil generation and
possibly into the gas generation window (Fig. 10a and c). However, the
majority of data points are located within the immature to oil generation
window. Geochemical data indicate that wells around Survey A are
predominantly drilled in the immature to early oil generation window,
with some in the late oil generation window. In contrast, wells around
Survey B are primarily drilled in the early oil generation to late oil
generation windows, with some in the early gas window (Fig. 10a and
c). Fig. 10a displays how the Organic Maturation Product (OMP) maps
can be compared with Vernik and Landis (1996) HI versus TOC cross-
plot. Based on the geochemical data, TOC ranges are similar for Surveys
A and B.

4.4. Mapping of the organic maturation product (OMP)

Distribution of the seismic facies and of the proposed Organic
Maturation Product (OMP), both for the wells and the seismic datasets,
confirm that higher TOC is more predominant in the upper Draupne
Formation, while medium and low TOC values can more often be found
in the lower Draupne Formation (Figs. 11 and 12). In terms of estimated
vitrinite reflectance, Survey A is primarily immature or within the early
oil generation window, with a few areas showing late oil generation. The
areas that show late oil generation are located nearby salt intrusions.
The organic maturation product (OMP), which depends on both TOC
and vitrinite reflectance along an arbitrary cross-section into the 3D
seismic dataset generally increasing in-depth, shows that TOC pro-
gresses typically from high to medium, with occasional patches of lower
TOC (Fig. 11, zooms 4 and 5). Likewise, maturation progresses with
depth unless special conditions, like salt diapirs that alter the
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temperature trend locally (zooms 2 and 3, Fig. 11). Note that the arbi-
trary profiles were chosen to best represent data while coinciding with
the well logs. Since organic-rich shale is the focus of the present study,
these profiles were chosen to illustrate key aspects of our study (Figs. 11
and 12).

However, in contrast to Survey A, the patches of medium TOC in
Survey B are more localized, with higher TOC regions being more
pervasive (zoom 2, Fig. 12). Since Survey B is also the deepest dataset
within a relatively simplistic depositional basin, this deeper location
explains why more shale is situated within the late oil generation win-
dow. However, some of the shales of Survey B remained within the early
oil generation window (zoom 3, Fig. 12). There was little to no presence
of immature organic-rich shale in this dataset. Along an arbitrary profile
generally increasing with depth, a pattern common to this dataset is
visible: organic-rich shale of a given maturity has a window of another
maturity encompassing it (e.g., zoom 2, Fig. 12). However, in some
sections maturation breaks through vertically, possibly identifying
zones of greater thermal maturity (zoom 3, Fig. 12). Note, zones shown
to be turbidite in Fig. 9, can be discounted in Fig. 12 (zoom 1) as they
represent the quartz-rich turbidite section.

Fig. 13 displays stratigraphic slices of the Organic Maturation
Product at two different depths for each Survey. Fig. 13a shows lateral
variations in TOC content. Fig. 13b mainly shows the contrast in
maturation, while the TOC content remained largely the same
throughout. The exception to this is a section of medium TOC with
variable maturation in the southwest corner of Survey A (Fig. 13b). A
comparison of Figs. 11 and 13a revealed some similarities between the
structure of the Draupne Formation and the distribution of maturation.
Notably, the comparison of figures showed a generally positive spatial
correlation between maturation and depth, with some notable excep-
tions due to the effect of salt intrusions, as discussed later. Deeper within
Survey A, a contrast in TOC content is present (Fig. 13b). While there
was no clear relationship between structure and the contrast in TOC
content, the organic maturation product (OMP) based on seismic
reflectivity may indicate a pattern similar to that found in alluvial
depositional systems. In alluvial systems, some channel-like structures
of high TOC are surrounded by bank-like structures of medium TOC
(Fig. 13a). An investigation of Survey B (Fig. 13c and d) indicates that
the shallower stratal slice (Fig. 13c) and the deeper stratal slice
(Fig. 13d) show a less distinguishable geomorphological shape when
comparing TOC content that could be related to fan structures. The
comparison between structure and maturation for Survey B shows a

Arbitrary

Zoom 2 || Zoom 3

Fig. 12. Values for the organic maturation product (OMP) for the Draupne Formation in a cross-section extracted in Survey B along an arbitrary profile (black line in
the upper right inset). The turbidite section, observed from the seismic inversion results and the P-Impedance and S-Impedance, is outlined in dashed black and
marked. As such, the OMP results in the turbidite do not represent anything real since no TOC can exist for a quartz-rich turbidite.
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Fig. 13. Map view of stratal slices of the organic maturation product at two different depths for Survey A (a, b) and Survey B (c, d).

positive correlation between depth and maturation. An internal pattern
for maturation is present, showing fan-like structures that are particu-
larly apparent for the medium TOC data in Fig. 13d.

The presence of salt diapirism within the study area may modify the
relationship between TOC, maturation, and brittleness. We performed a
comparison between the frequency of different organic maturation
products (OMPs) for the entire Survey A (Fig. 14b), and for a small
subset volume focused around a single salt diaper (Fig. 14a). The salt
diapir can be seen on both cross-section and map view due to its direct
effect on the structure within the area (Figs. 8, 14c and 14d). For the
diapir dataset, the two highest groups are Late Oil Generation, either
Medium or High TOC. The next largest groups in terms of frequency is
Early Oil Generation, either Medium or High TOC. Immature products
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for both Medium and High TOC have the lowest frequency alongside
Low TOC (Fig. 14a). The results for Survey A differed from those seen for
the salt diapir dataset, wherein the two categories with the highest
frequencies are Medium TOC, with either Late Oil Generation or Early
Oil Generation. This is followed by an almost equally high frequency of
High TOC, Late Oil Generation. After that, significantly lower levels can
be seen for High TOC and Early Oil Generation. While the results for
immature shale were roughly the same for the salt diapir and Survey A,
there is a marked difference for Low TOC. Significantly higher values for
Low TOC are present in Survey A as a whole (Fig. 14b) than for the salt
diapir sub-volume (Fig. 14a).
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Fig. 14. Distribution of maturation and TOC content, with the frequency of those around a salt diapir (a) and for the entire Survey A (b). The line B-B’ in panel (c)

shows the salt diapir displayed in (d).
5. Discussion

The distribution of organic matter, both in terms of the percentage of
the rock it constitutes and its geographical location, is critical to un-
derstanding the quality of source rocks (Sonnenberg and Meckel, 2017).
As a result, understanding the relationship between TOC and organic
matter maturation directly impacts drilling success for both conven-
tional and unconventional hydrocarbon resources. High TOC alone does
not control the quality of source rock. The degree of maturation the
kerogen has undergone dictates the total amount of hydrocarbon pro-
duced (Tissot and Welte, 1984; Welte et al., 1997; Ward, 2010). Matu-
ration also has a significant impact on the caprock shales’ mechanical
properties during and after the conversion of kerogen into hydrocarbon
(Prasad et al., 2011; Anders et al., 2014; Zargari et al., 2016; Craddock
et al., 2018). The interplay between TOC and maturation as it applies to
an organic-rich shale’s brittleness allows one to better understand both
parameters as they interact with one another and organic-rich shale as a
whole. Mapping the organic maturation product (OMP), utilizing
seismic inversion and derived seismic facies provides an opportunity to
understand what role deposition played in the distribution of kerogen
and how diagenetic trends impacted the maturation of kerogen.

5.1. Mapping of TOC and maturation (OMP) - depositional trends

The sediments of the Draupne Formation can be classified into two
categories, (1) deep marine anoxic deposits, separated by (2) turbidites
or debris-flows (Bugge et al., 2001; Isaksen and Ledje, 2001; Olsen et al.,
2017). Even if a depositional system is deep, marine, and anoxic in
nature, water bottom currents may occur(Arthur and Sageman, 1994).
Literature in comparable portions of the Norwegian North Sea shows
that the kerogen type is predominantly Type II and Type III in the North
Sea (Isaksen and Ledje, 2001; Hansen et al., 2019). Deep marine anoxic
deposition of the organic-rich shale is characterized by relatively low
P-Impedance and S-Impedance. P-impedance is high for the
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intra-Draupne turbiditic flows, while the V,,/V; is comparably lower
(data points above the sand line in Figs. 6 and 9). This is a lithogic in-
dicator as shales usually have higher V,/V; values with lower
P-Impedance than sand-rich turbiditic deposits (Pendrel et al., 1999;
Avseth et al., 2001; Inichinbia et al., 2014), and falls in line with liter-
ature on turbidites in the study area (Olsen et al., 2017). Well logs and
core data further confirm the presence of turbidites in this area.

Not only can the Draupne Formation be separated into two key li-
thologies, where the focus of this study is on the organic-rich shale, but it
can also be separated into the Upper and Lower Draupne Formation, as
proposed by Isaksen and Ledje (2001). This separation is defined by a
contrast in the amount of TOC regionally (Isaksen and Ledje, 2001), as
well as within our study area (Lgseth et al., 2011; Hansen et al., 2020;
present study). This increase in TOC towards the Upper Draupne For-
mation becomes very clear when one looks at the rock physics data and
comparing depth with TOC (Fig. 6a, d,7a, 7d). Survey A shows higher
impedance values associated with the Lower Draupne Formation
(Fig. 8). Since the Upper and Lower Draupne Formations are similar in
terms of both lithology and mineralogy (Hansen et al., 2020), excluding
the presence of turbidites, one can conclude that this difference is likely
the result of TOC. Lgseth et al. (2011) noted that it is both possible to
separate hydrocarbon source rocks on seismic data, and, as confirmed by
other studies, all other things being equal, an increase in impedance
results in a decrease in TOC (Broadhead, 2016; Hansen et al., 2019).

Further to this, Hansen et al. (2020) proposed to model the impact of
TOC on the Draupne Formation on our study area. Utilizing the
approach of Vernik (2016), these authors noted that an increase in TOC
from 1.5 wt% to 6.5 wt% would result in a decrease of P-wave velocity
by 0.6 km/s and a decrease of 0.15 g/cm? for density. Note that the
similarity in mineralogy is also partially confirmed by the material
points (circles in Fig. 7), based on Mondol (2018). The organic-rich shale
portion of the Draupne Formation is shown to plot entirely between the
clay and kerogen material points, with a slight skew towards quartz
(Fig. 7). It is only in the very low TOC data that it skews towards the
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calcite point; however, this is likely due to other factors, as calcareous
cement is not common in the Draupne Formation (NPD, 2021).

At the macro-scale, the nature of depositional features varies be-
tween Survey A and Survey B. Specifically, submarine channels con-
sisting entirely of fine-grain sediment (i.e., shale, either organic-rich or
not) are present within Survey A (Fig. 13a and b). In contrast, submarine
fan features are visible on the pre-stack volume of Survey B (Fig. 13c and
d). These features fall in-line with their historical proximity to the
shoreline and the depositional nature of debris flows (Reading and
Richards, 1994; Stow and Mayall, 2000; Olsen et al., 2017). Note the
features we see here are composed of the organic-rich shale as indicated
by the impedance values and the well log and core data. Depending on
the stratal slice, these different depositional features are clearly present
(Fig. 13). Medium TOC floodbank-like deposits (Fig. 13a) surround high
TOC channel-like structures. Since kerogen is a major constituent of the
Draupne Formation, i.e., up to 20 wt% (Lgseth et al., 2011), it is
conceivable that TOC would interact with deposition as indicated by the
stratal slices. Additionally, if TOC data were to interact with deposition,
the lower density range of kerogen compared to the other constituents of
shales would indicate that TOC would ultimately be higher in rocks
formed from the lowest velocity settings deposition.

The shape of fans (Reading and Richards, 1994; Stow and Mayall,
2000) and the shape of wind transported sediment deposits (Blakey and
Middleton, 1983) can bear a resemblance to one another. All shapes are
seen in Fig. 13b, ¢, and 13d represent either the front of a fan or pelagic
deposition. Kerogen density may assist in higher TOC sediments moving
farther than medium TOC sediments, allowing high TOC sediments to sit
outside the rim or on the ‘over banks’ of the medium TOC sediments. In
contrast to this, wind-blown deposition is near structureless, allowing an
intermixed set of medium and high TOC layers without clear patterns.
Fig. 13d better represents an alluvial fan terminus with this additional
data, while Fig. 13b and c could better represent wind-blown deposition.
Regardless, the data indicates that TOC content impacts depositional
features that can be separated in seismic facies within fine-grain sedi-
ments (i.e., shale, organic-rich, or not).

5.2. Mapping of TOC and maturation (OMP) — diagenetic trends

Diagenesis of shale directly impacts its capacity to be a seal (Katsube
and Williamson, 1994) and controls the hydrocarbon potential of source
rocks (Tissot and Welte, 1984). Another impact of increasing tempera-
ture and pressure, alongside with depth, is the creation of salt intrusions
from previously salt-rich layers (Antoine and Bryant, 1969). Comparing
the two 3D seismic datasets shows another impact of variable levels of
diagenesis, specifically on the seismic wave parameters and their elastic
derivatives. A reduction in Poisson’s ratio from Survey A to B, utilizing
the rock physics model from Perez and Marfurt (2014), would indicate a
movement towards increased brittleness. This is consistent with what
one should expect for seismic surveys taken from different depths.

While TOC distribution can be linked to depositional patterns,
maturation occurs as a part of diagenesis (Anders et al., 2014). As part of
this study, we confirmed that a correlation exists between depth and
maturation in this part of the North Sea. This correlation is primarily due
to the relatively simple diagenetic history, wherein rifting in the Late
Jurassic resulted in the deposition of the Draupne Formation that was
subsequently buried relatively continuously without significant uplift
afterward (Bugge et al., 2001; Hansen et al., 2020). Furthermore, a
comparison of the maturity results from Fig. 4 with the estimations of
vitrinite reflectance as a proxy for maturity in Fig. 10, due to the limited
amount of vitrinite reflectance data, confirms that the work from Vernik
and Landis (1996) also applies to our data set. Additionally, a general
comparison of maturation windows with the data from wells around
Surveys A and B show that the different approaches produce comparable
results.

However, the amount of shale compaction decreases with depth in
our data, which is consistent with the literature (Magara, 1980; Dutta
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et al., 2009), while the compaction for the quartz-rich rock remains
relatively constant with depth (Fig. 6a and c). It has long been estab-
lished that shale’s compaction trends are more complicated than they
are for sandstone (Magara, 1980; Baldwin and Butler, 1985; Mondol
et al., 2007). A possible explanation for the inconsistency with the
literature is that the maturation of organic matter can increase porosity
(Yenugu and Han, 2013). It has been established that shale will undergo
greater compaction, and therefore greater porosity changes than
quartz-rich rocks will (Magara, 1980; Baldwin and Butler, 1985).
However, deviations from this trend can be seen (Fig. 6) and can be
partially explained by the diagenetic process. Prasad et al. (2009) noted
that immature shales with a higher organic content will show an in-
crease in P-wave velocity with burial depth, while shales that have un-
dergone greater maturation will show the opposite effect. This is
explained by the dual nature of kerogen, in that it will act as
load-bearing until maturation occurs and then will become a part of the
matrix leaving the clays as load-bearing (Prasad et al., 2009). One can
also characterize how diagenesis affected the distribution of variably
matured organic-rich shales (Figs. 11-13).

Salt diapirs have been shown to affect maturation, as the thermal
conductivity in halite is significantly higher than in other lithologies
(Jensen, 1983, 1990; Magri et al., 2008). As such, greater maturation
should be present adjacent to the salt diapirs, as shown in both map view
(Fig. 13a) and cross-sections (Figs. 8 and 11b) in the data of Survey A
(Fig. 14b). Additionally, data show that the increased maturation’s ef-
fect extends up to 150% of the salt intrusion radius size. This can then be
compared to a more quantitative approach. The average distributions of
maturation around the salt intrusions are compared to the background
maturation in the 3D seismic dataset (Fig. 14). Results show an increase
in maturation around the salt intrusions that deviates from the general
trend between maturation and depth. This result indicates that salt
diapirism influences the maturation of the Draupne Shale within the
North Sea and confirms other studies (Jensen, 1983, 1990; Magri et al.,
2008).

Since no salt intrusion could be detected in Survey B, this dataset
cannot be used to further confirm the effect of diapirism on maturation.
However, the lack of diapirism provided an opportunity to characterize
factors that might control a deviation from the general trend between
depth and maturation. A qualitative comparison of maturation with
depth was carried out. Results show that maturation generally follows
the geological structures in both map views (Fig. 11c and d) and cross-
sections (Figs. 9 and 12).

Given the consistent difference in the amount of TOC for the Upper
Draupne Formation compared to the Lower Draupne Formation, one can
assume there was a significant dropoff in biological material being fed to
the system during sedimentation. In our study, this difference can be
used to show how differences in TOC and maturation interplay with one
another to influence elastic parameters. Hansen et al. (2020) establish
that lower TOC should increase both density and seismic wave velocity
based on the work by Vernik (2016). As noted earlier, this is precisely
what one sees for the impedance values for the shallower Survey A
(Fig. 8), where the majority of shale exists in the immature to early oil
generation window (Fig. 11). However, it is also established that
increased maturity will have a dampening effect on both velocity and
elastic parameters (Prasad et al., 2011; Zargari et al., 2016). Signifi-
cantly deeper in the basin, at Survey B, the difference between the Upper
and Lower Draupne Formations for impedance values is much closer,
with the Lower Draupne Formation being slightly lower on average
(Fig. 9). At this point, the Lower Draupne Formation is mostly in the late
oil generation window (Fig. 12), while the Upper Draupne Formation is
still in the early oil generation window (Fig. 12). These results are
consistent with the study of Prasad et al. (2009), who suggested that
kerogen’s transformative effect on elastic properties has taken place,
closing the difference between impedance values for Survey B.
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5.3. Interplay between TOC and maturation (OMP) within a rock physics
model

Many factors influence brittleness (i.e. mineralogy, pore pressure,
fluid effects, etc.). Jarvie et al. (2007), Jin et al. (2014), and Alzahabi
et al. (2015), highlight the importance of mineralogy, while other
studies illustrate how stiff minerals can emplace themselves
post-deposition (Thyberg et al., 2009; Avseth and Carcione, 2015). The
process of maturation converts kerogen lenses into hydrocarbons,
resulting in fluid expulsion and the creation of microfractures (Chauve
et al., 2020). The impact that the fluids have on pore pressure is regu-
lated by the interaction between the fluids and formation, particularly
controlled by rate of absorption or fluid migration into surrounding
formations (Rickman et al., 2008; Wu et al., 2016). While many studies
have addressed the impacts of mineralogy, pore pressure, and fluid ef-
fects on brittleness (Table 4), fewer studies focus on the impact of TOC
and maturation. The present study attempts to fill this gap by addressing
the potential effects of TOC, and how maturation alters this impact.

Two interpretations have been proposed in the literature concerning
the effect of TOC on the mechanical properties of organic-rich shales
(Grieser and Bray, 2007; Wilson et al., 2017; Mondol, 2018), and is
summarized in Table 4. The first interpretation correlates an increase in
kerogen with an increase in brittleness, citing the presence of kerogen as
a brittle constituent (Mondol, 2018). However, it is noted that pure clay
content within organic-rich shale is more ductile in nature. These two
interpretations provide two opposing trends within clays, one pulling it
towards brittleness with the other pulling it towards a more ductile
regime (Mondol, 2018). The second interpretation, proposed in a series

Table 4

Studies on brittleness highlighting method used (elastic or mineralogy), study
focus (brittleness), and any comments the study makes on TOC content and
maturation.

Study Brittleness Paper Focus Comments from study
Method (Brittleness) on influence of TOC
Utilized and maturation

Jarvie et al. Mineralogy Mineralogy dominates, Not considered
(2007) TOC is not considered

Jin et al. Mineralogy Mineralogy dominates, Not considered
(2014) TOC is not considered

Glorioso Mineralogy Mineralogy dominates, TOC should be
and TOC is a minor considered in
Rattia consideration mineralogy brittleness
(2011) method. Maturation is

not considered.

Alzahabi Mineralogy Mineralogy dominates, Not considered
et al. TOC is not considered
(2015)

Grieser and Elastic Mineralogy dominates, Higher TOC correlates
Bray TOC is considered to more ductile
(2007) behavior. Maturation is

not considered.

Rickman Elastic Pore Pressure and Fluid ~ Not considered
et al. Effects dominates,

(2008) mineralogy is
considered, TOC is not
considered

Wilson Elastic Mineralogy dominates, Higher TOC correlates
et al. TOC is considered to more ductile
(2017) behavior. Maturation is

not considered.

Mondol Elastic Mineralogy dominates, Higher TOC correlates
(2018) TOC is considered to more brittle

behavior. Maturation is
not considered.

Present Elastic TOC and Maturation, Higher TOC correlates
study mineralogy, pore to more brittle

pressure, and fluid
effects considered

behavior. Lower values
of TOC will prolong
ductile behavior
during maturation.
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of studies concerning shales in North and South America, has shown that
higher values of TOC correlate to more ductile behavior (Grieser and
Bray, 2007; Wilson et al., 2017). These studies had a particular interest
in the content of kerogen as organic-rich shales provide an ideal reser-
voir when hydraulically fractured. However, a medium that is too
ductile in nature will dampen the effect of artificial fracturing, and
relatively quick healing of the fractures will occur, reducing perme-
ability. Our study shows that an increase in TOC results in greater
brittleness in our dataset (Fig. 15). The maturation of the kerogen within
organic-rich shale could explain this disparity in the literature. By
modeling vitrinite reflectance as a proxy for maturation, our data
demonstrate the relationship between maturity and shale’s mechanical
properties is more complicated than shown by previous studies (Fig. 15).

Data from the two 3D seismic volumes (Fig. 15) clearly show a
gradation from the brittle regime into the ductile through a comparison
of TOC content alone. Low TOC rocks tend to populate the ductile
regime in both datasets. Further to this observation, both medium and
high TOC rocks grade into more brittle regimes based on maturation.
Disparities exist in the number of data points available in the different
3D seismic datasets since they represent different depths and represent
different levels of potential maturation. The frequency of higher elastic
properties due to an increase in depth, especially with a higher level of
TOC, is consistent with the literature (Zargari et al., 2013). Survey B
contains more data points within the late oil generation window. From a
comparison with Survey A, some trends emerge for the maturation as
well.

Nonetheless, maturation increases as the organic-rich shale transi-
tion its mechanical state from ductile towards brittle. This process oc-
curs at a faster rate for high TOC shale than for the same rock with
medium TOC. High TOC, immature shale exists in the ductile regime,
with early oil generation data dominantly plotting in a more ductile
regime and with late oil generation data dominantly plotting in the more
brittle regimes (Fig. 15). However, the relationship of the trend towards
maturation depends on TOC. Note that for organic-rich shale with me-
dium TOC, the trend is entirely different. Shales that are both immature
and in early oil generation plot dominantly in the ductile regime
(Fig. 15). However, medium TOC shale that has entered late oil gener-
ation plots predominantly in the more ductile regime and into the more
brittle regime showing a marked increase in brittleness. Zargari et al.
(2016) also studied this interaction, showing that Young’s modulus of
kerogen decreases when the kerogen is matured artificially in laboratory
experiments. They account for this change as an impact of both
increased porosity in remaining kerogen and the presence of fluids or gas
with kerogen. This result could help account for why Young’s modulus
increases at a slower rate with higher TOC levels (Fig. 15). Another
critical factor to consider is the changing nature of kerogen within the
matrix as maturation occurs. Within immature organic-rich shales,
kerogen is load-bearing, while it tends to become a part of the matrix
leaving the grains as load-bearing in more mature shale (Prasad et al.,
2009). This effect will correlate with the lower value of Poisson’s ratio
since higher P-wave velocity values relate to increased maturity
(Fig. 15).

While no data points are available in our dataset within the gas
generation window, one may extrapolate where these data would plot
by extending the data available from both medium and high TOC.
However, the influence of gas may have a notably stronger impact
(Zargari et al., 2016). Note that while low TOC rock was not divided into
possible maturation levels due to low kerogen content, the spread of
data points, especially in Fig. 15a, indicates that maturation directly
influences the shale’s geomechanical properties even below a threshold
of 2 wt% TOC.

Utilizing our dataset, we developed a rock physics template that
classifies qualitatively the broad geomechanical trends for organic-rich
shale at variable levels of TOC and maturation in the Draupne Forma-
tion (Fig. 16). Young’s modulus more aptly separates variations in total
TOC content than Poisson’s ratio. As highlighted by Fig. 8, TOC better
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Fig. 15. Results of the Organic Maturation Product (OMP) with a geomechanical template, Young’s modulus and Poisson’s ratio for both Surveys A and B (from well
data), with the organic maturation product (OMP) template that captures both the TOC range and the maturation stage, distributed across the background brittleness
index from Perez and Marfurt (2014). Data clearly show a difference in the maturation levels for Survey A and Survey B.

80 1 ~ e Fig. 16. Organic maturation product (OMP) rock
| b 1 Drauj
‘ - N i pne FM, . -
\ Brittle ~ | i s physics template: This template explores how matu-
70 | S ! ration and TOC impact shale brittleness and ductility
i GAS : % ; ’ ; ‘:;i: ;gf(i ZTIZ :::Z'Ii:: lgé’:;i:; in the Draupne Form.ation, the .cer}t?al North Sga.
T 60 4 GENERATION B b L L0 mbighTOC, Immature @ Medium TOC, immature Both TOC and maturation play a significant role, with
% =1 WOy ot - B Low TOC high TOC shale quickly becoming brittle as it moves
~ j : T—:v:v x 2oy | from immature towards gas generation. Medium TOC
§ 50 «_ = '1- «® Ny - o v |, shale, in contrast, moves more slowly from ductile to
..g | ILATEAO[ 'l »S e 8 more brittle between immature and late oil genera-
Q 40 ‘ 'GENER. AﬁdN— ‘ } tion. Finally, low TOC rocks have little to no matu-
E ! 24 N ration and tend to plot in the ductile region. The blue
= 30 1 - arrow indicates increasing TOC content. The blue and
g . , ' y orange lines indicate trendlines for the average high
S 4 Medium TOC Average (Eq’n 8) i EARLY-OIL | and medium TOC shales (Equations (10) and (11)).
== High TOC Average (Eq’n 7) GENERATION Ductile Black dashed lines indicate the domain where these
- =  _——1lLa lines have been extrapolated into the gas generation
10 EXtrapOIat'on - ! window. (For interpretation of the references to color
0 IMMATURE in this figure legend, the reader is referred to the Web
version of this article.)
0.1 0.15 0.2 0.25 0.3 0.35 0.4
Poisson’s Ratio
correlates to Poisson’s ratio once porosity has been accounted for. The rich shales that have undergone significant maturation, which show a
relationship between TOC and geomechanical properties is further larger difference in geomechanical values depending on the TOC levels.
modified by what stage of maturation the shale is currently at. Organic- Where gas generation would occur was extrapolated for both curves
rich shale with high TOC will quickly grade from ductile into brittle (black dashed lines in Fig. 16). Increases in TOC also result in a greater
behavior as it matures. In our data, it is defined by the following rela- uncertainty based on the scatter from the dataset of our study. While
tionship (Equation (10)): there is a possible range for low TOC rocks as well, they were not taken
P 17220 + 66.3 10) into account for this study.
= —172.20 .

The proposed OMP template (Fig. 16) represents a novel way to
quantify how shale’s organic content, in combination with how it ma-
tures, impacts its geomechanical parameters. It can be seen that low TOC
shales will typically plot within a ductile range, only reaching a more
brittle nature under comparatively higher temperature and pressure. In
stark contrast to this, a TOC-rich shale will progress relatively rapidly
E= —356.30+ 139.5 an from ductile into brittle, even prior to reaching temperatures and pres-
sures concurrent with gas generation. Shales with neither high nor low
TOC are bounded by these two extremes. Therefore, it is expected that
shales with greater TOC will result in better mobilization of hydrocar-
bons because their brittle behavior may allow fractures to propagate and
remain open. Note that the results also highlight areas where vastly
different rock in terms of TOC and maturation could behave mechani-
cally the same, i.e., a late oil generation rock of medium TOC should
behave mechanically similar to an early oil generation rock with high

where E is Young’s modulus (in GPa), and v is Poisson’s ratio (unitless).
Contrasting this, an organic-rich shale with medium TOC will progress
much more slowly from ductile into brittle behavior. It is defined by the
following relationship (Equation (11)):

These equations are based on the average geomechanical values for
high and medium TOC rocks given by the relationships shown in Fig. 16
from both Survey A and B. Since seismic datasets have significantly more
data points than well log datasets, the seismic facies dataset was deci-
mated while preserving the trend. It has already been shown that what is
true for the petrophysical results is also shown for the inversion results
(Fig. 3). Relatively immature rocks plot in the same region despite very
different TOC concentrations. This stands in stark contrast to organic-
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TOC.

Furthermore, depending on various factors, including possible TOC
variation, maturation, and mineralogy, rocks along the medium TOC
average curve and the high TOC average curve could have similar me-
chanical behavior to rocks with low TOC. Utilization of the OMP rock
physics template provides a relationship for the impact of variable levels
of both TOC and maturation for forward modeling of organic-rich shale.
When used for a potential source rock, it may inform as to the quality
thereof; however, it could also be used for caprock to help guide inter-
pretation as to its suitability for the play. Furthermore, the results act as
verification of laboratory measurements showing the relationship be-
tween the maturation of kerogen (Prasad et al., 2009, 2011; Zargari
et al., 2013, 2016) and their geomechanical behavior.

6. Conclusions

We introduce a rock physics template, the Organic Maturation
Product that classifies semi-quantitatively how the nature of the shale’s
geomechanical properties evolve with variations in both TOC content
and kerogen maturation. This template is built from a comprehensive
dataset (3D seismic data, well-logs, geochemical analyses) acquired in
the Draupne Formation, a major source rock in the North Sea. Specif-
ically, higher TOC encourages a faster transition from ductile to brittle
behavior during the maturation process. This template helps explain
how different interpretations of this relationship could exist within the
literature. Use of the rock physics template is ideal for better under-
standing shale as a source rock within an exploration play.

Multiple end-member depositional models exist to explain TOC. We
used a combination of arbitrary cross-sections and stratal slices to
demonstrate how TOC distribution in the Draupne Formation source
rock shale may have been impacted by deposition, with a focus on
known depositional environments for the study area in the North Sea.
Two depositional models fit the patterns found in the 3D seismic data —
submarine debris flows and pelagic deposits. The study confirms a
relationship between depth, maturation, and compaction, wherein
increased depth correlates positively with maturation and compaction.
Deviations from this are explained by the fact that relatively immature
organic-rich shale will contain kerogen that is load-bearing. Deviations
from the background trend also occurred proximal to salt diapirs,
resulting in greater maturation. The typical Draupne Formation distri-
bution for TOC is present and is confirmed by the inversion results.
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