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Abstract

The smectite-illite transition in shales due to subsidence, temperature changes
and diagenesis influences many processes in a sedimentary basin that can
contribute to overpressure build up like reducing the shale permeability. The
smectite-rich layers can form sealing barriers to fluid flows that will influence
pore pressure prognosis for drilling campaigns, contribute to sealing caprocks
for possible CO, storage and to sealing of plugging and abandonment wells. In
this work, we have included the diagenetic smectite-illite transition into a three-
dimensional pressure simulation model to simulate its effect on pressure build-
up due to reduced shale permeabilities over geological time scale. We have also
tested effect of thermal history and potassium concentration on the process of
smectite-illite transition and the associated smectite-illite correction on perme-
ability. A new smectite-illite correction has been introduced, to mimic how shale
permeability will vary dependent on the smectite-illite transition. Stochastic
Monte Carlo simulations have been carried out to test the sensitivity of the new
correction parameters. Finally, a 3D Monte Carlo pore pressure simulation with
1000 drawings has been carried out on a case study covering Skarv Field, and
Donna Terrace offshore Mid-Norway. The simulated mean overpressures are
in range with observed overpressures from exploration wells in the area for the
Cretaceous sandy Lysing Formation and for the two Cretaceous Intra Lange
Formation sandstones. The simulated smectite content versus depth is in line
with published XRD dataset from wells. The corresponding modelled present-
day permeabilities for the shales including the smectite-illite transition are two
magnitudes higher than measured permeabilities on small samples in the labora-
tory using transient decay method. The measured permeabilities are in the range
of 2.66-107'8 to 3.94-107%*m? (2695 to 0.39 nD) for the North Sea database and
represent the end members for shales-permeabilities with the lowest values, since
the small samples are selected with no or minor natural fractures. This work
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shales.
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1 | INTRODUCTION

The smectite-illite reactions are closely related to sev-
eral processes like hydrocarbon maturation, tem-
perature (Powers, 1967), geo-pressures in shales
(Colten-Bradley, 1987; Freed & Peacor, 1989), alternation
of fault friction properties (van der Pluijm, 2011), shear
stress (Casciello et al., 2011) or microorganisms dissolv-
ing smectite (Kim et al., 2004, 2019). The effect of smec-
tite- illite transition can play a role in many sedimentary
basins, since it will control pressure buildup above hy-
drostatic pressures and may also be instrumental for de-
fining pressure ramps (Colten-Bradley, 1987; Lahann &
Swarbrick, 2011; Osborne & Swarbrick, 1997). Such pres-
sure ramps defined by smectite-illite transition are de-
scribed from several sedimentary basins around the world
such as Brazparoa and Jidalgo Countries, Texas (Freed &
Peacor, 1989), Gulf of Mexico (Harrison & Summa, 1991),
from the Gullfaks Area, northern North Sea (Wensaas
et al., 1994), Egersund Basin, southern North Sea (Nadeau
et al., 2002) and Vering Basin offshore Norway (Mondol
et al., 2008).

The term smectite is used for a group of platy phyllosil-
icate minerals. Smectite commonly occurs in fine-grained
sediments at shallow depths. When the in-situ tempera-
tures range from 70 to 250°C smectite alters to illite (Pytte
& Reynolds, 1989). The smectite loses the interlayer water
and reacts with K-feldspar to generate illite and authi-
genic quartz and release water. This can be written as:

smectite + K-feldspar — illite + quartz+nH,O0 (1)

Thus, the transition is dependent on the tempera-
ture, time and chemical variables. Three different kinetic
models of the transformation of smectite to illite (Huang
et al., 1993a; Pytte, 1982; Velde & Vasseur, 1992) were
compared on four different geological datasets by Craw-
ford Elliott and Matisoff (1996). They concluded that
noon of the three models, was successful in all four ba-
sins, but that Huang et al. (1993a) gave best simulations
results for the Salton Sea and the Gulf Coast. In the basin
modelling tool PetroMod, the Pytte and Reynolds (1989)

shows that by upscaling shale permeabilities from mm-scale to km scale, natural
fractures and sedimentary heterogeneities will increase the shale permeabilities
with a factor of two and that by including permeability correction controlled by
the smectite fraction, pressure ramp can be simulated due to diagenesis effect in

3D, North Sea, Norwegian margin, permeability measurement, pressure simulations,
sedimentary basin, smectite-illite, transition

formula for smectite-transformation has been imple-
mented into the compaction model (Hantschel & Kau-
erauf, 2009), see also Nguyen et al. (2016) for a recent
case study using this modelling approach on smectite-
rich mudstones offshore Japan. Osborne and Swar-
brick (1997) and Swarbrick et al. (2002), on the other
hand, suggested simulating smectite hydration as a sep-
arate consideration, not as implemented in the compac-
tion model.

Chemical compaction involves the dissolution and
precipitation of minerals resulting in reduced porosity
and permeability, and increased density. Smectite clays
will only compact mechanically to around 40% porosity
at about 1.5 to 2km, this is seen from observations and
experiments (Bjorlykke, 1998, 2014; Mondol et al., 2007).
At temperatures larger than 70-80°C, smectite is replaced
with mixed-layer minerals and illite, and the chemical
compaction is dominating (Bjerlykke, 1998). Hence, the
heat rate in a sedimentary basin will have an influence
on the smectite-illite transition (Huang et al., 1993a). The
illitization of smectite generates smaller and stiffer crys-
tals that will influence the mudstone physical properties
(Bjorlykke, 1998; Thyberg et al., 2010). The process also
reduces the permeabilities to mudstones that may lead to
build-up of overpressures (e.g. Bjorlykke & Nadeau, 1998;
Freed & Peacor, 1989).

There exist few studies presenting measured permea-
bilities in lab on natural shales (Daigle & Screaton, 2015;
Dewhurst et al., 1999; Hildenbrand et al., 2004; Yang &
Aplin, 2007), this is due to large expenses connected to core
sampling and the tight rocks results in time-consuming
and long experimental campaigns. Mondol et al. (2008)
made synthetic mudstones with 100% smectite aggregate
as an end member and showed low permeabilities (60 nD
at 50 MPa stresses), compared to 0.001 mD using kaolinite
aggregates. This is in line with Nooraiepour et al. (2019)
that showed a reduction of two orders of magnitude be-
tween the permeability of kaolinite- and smectite-rich
mixtures using semi-compacted fine-grained sediments
in laboratory. The lowest permeabilities were measured
using a 15:85 specimens quartz-smectite mixture.
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Detection and quantification of abnormal pore pres-
sure in the field is often based on indirect methods like
wireline logs (sonic or resistivity to calculate the pressures
and gamma-ray to evaluate the lithology). One of the cur-
rent challenges is to have proper measurement of the as-
sumed pore pressures in these zones, since direct pressure
measurements are taken in sandy rich formation using
techniques like e.g. repeated formation tests (RFT), for-
mation integrity tests (FIT) or drill stem test (DST). For
the shaly overburden, seldom direct measurement is avail-
able (for shallow conditions e.g. Strout & Tjelta, 2007),
though kick can be an indirect methodology to measure
the overpressures.

Drilling operations often rely on local data analogues.
When such data are lacking or scare, a good pre-drill
model from, e.g. three-dimensional pressure simula-
tor models (e.g. Lothe et al., 2019, 2020) becomes more
important. There are several processes contributing to
pressure generation in a sedimentary basin like mechan-
ical and chemical compaction, lateral pressure transfer,
rapid burial, uplift and erosion. In this work, we present
a new methodology on how the smectite-illite transition
in shales will influence the permeability to shales depen-
dent on burial depths, and thereby the pressure build-up.
We will examine how the shale permeability is depen-
dent on the smectite-illite transition, and how this can be
simulated. The uncertainty in the input parameters and
resulting simulated shale permeabilities and simulated
pore-pressures will be discussed, and the simulation re-
sults will be compared with measured shale permeabili-
ties from laboratory work using transient decay method.
The new workflow will be tested on a dataset offshore
Mid-Norway and compared with measured smectite-illite
content using XRD-analysis from two wells in the area,
measured permeabilities of shale samples, and measured
overpressures from wells in the area. The main research
gaps that will be addressed in this article is how the
smectite-illite transition will influence the shale perme-
ability, and thereby influence and control the pressure
build-up in shales at shallow depths. This knowledge can
be crucial when planning explorations wells, but it will
also be important to better understand lateral and verti-
cally overburden and caprock properties both for CO,
storage, energy storage sites or for plugging and abandon-
ment of wells.

1.1 | Geological setting

The study area is situated offshore Mid-Norway, more
specifically at the Denna Terrace located north of Halten
Terrace, with Trondelag Platform to the east (Figure 1a).
The 3D simulated study area covers part of the narrow

SW-NE trending Deonna Terrace, part of the NW-SE
trending Revfallet Fault Complex, and the Ser High to the
east (Figure 1b). The Donna Terrace is deepening towards
west, compared to the shallower NW-SE trending Ser
High. Jurassic rifting was mapped on platforms and ter-
races (Blystad et al., 1995), with following post-rift devel-
opment in Cretaceous (Faerseth & Lien, 2002). The Donna
and Halten Terraces are subdivided from the Trendelag
Platform in the Late Cretaceous (Brekke et al., 1999). The
shallow units consist of thick shaley deposits of Late Cre-
taceous to Tertiary age, with some thin sandstone units
(Figure 1c). The main sandstone units are the Jurassic
Garn Formation, the thin sandstone layers in the domi-
nating shaley Lower Cretaceous Lange Formation, and
the sandy Cretaceous Lysing Formation (Figure 1c).

The Late Jurassic syn-rift basin topography was filled
during the early Cretaceous post-rift phase with dom-
inantly mud deposits of the lower Lange Formation
(Feerseth & Lien, 2002). The Cretaceous sand-prone Lys-
ing Formation was deposited during continuous subsiding
(Feerseth & Lien, 2002). Hansen et al. (2021) have mapped
lobe-fringed deposits with channel-fills and channel-lobe
transitions, in a post-rift deep-water system.

The Brygge Formation of Early Eocene to Early Mio-
cene age is deposited over most of the Halten Terrace
and Denna Terrace, in a mainly marine environment. On
the Halten Terrace, it consists mostly of clay, while out
in the More and Vering basin, it consists mostly of ooze
deposits (Chand et al., 2011; Eidvin et al., 2007). The fine-
grained sediments of the Kai Formation (Middle Miocene
to Lower Pliocene) overlie the mid-Miocene unconfor-
mity (Eidvin et al., 2007). Depositional environment was
generally marine, with sediments deposited on the outer
and middle part of the margin. The glaciogenetic Naust
Formation was deposited during Pliocene and Pleistocene
with thick successions (Rise et al., 2005).

The pore pressures have been measured in the Lower
Cretaceous Lange Formation in around 40 wells, defining
a regional shale gradient with increasing pore pressures
(O'Connor et al., 2008). For well 6507/5-4 at Skarv Field
(see Figure 1b), the pore pressure is measured to 140bar.
Below, the Lower and Middle Jurassic reservoirs are lat-
erally drained with overpressures 100bar lower than the
overlying shales (O'Connor et al., 2008). Velocity and den-
sity log data from Storvoll et al. (2005), shows low velocity
interval in mudstones at the Haltenbanken. For the east-
ern Haltenbanken, Storvoll et al. (2005) show low veloci-
ties observed for the lower Miocene to upper Pliocene Kai
Formation and the lower Eocene to lower Miocene Brygge
Formation, with an abrupt reduction in the velocities from
the overlying Quaternary Naust Formation.

Peltonen et al. (2009) the Late Cretaceous to Early
Tertiary sequences of the Vering and Mere Basins to the

85U8017 SUOLIIOD BATE8.D 8|qed ! (dde auyy Aq peusenob a1e S9pile YO ‘SN JO S3|nJ o} A%eiq1T8UlUO AB|1/ UO (SUONIPUOD-PUR-SLUB)L0D A8 | 1M Afe1q 1 Ul |Uo//SdNL) SUORIPUCD PUe SWIe 1 8y} 89S *[£202/80/62] U0 Ariqi aulluo (1M ‘yoseessy ABieud jeluss Aq ST8ZT9.0/TTTT OT/I0p/w0o A8 | Areiqijeuljuoy/sdny wouy papeojumod ‘0 ‘L TTZS9ET



- LOTHE ET AL.
J_ _ Basin
WILEY Research
(a) z‘a / // (c) HALTENBANKEN LASS';?D'GE
| —
10-17S
— / ; I// | 6607/12'256085/638/104 PERIOD|GR. FORMATION
elgelana 3
/g sgi; <7/ 6608/10-3 Q g NAUST
asin - g 6507/3-1 s | 2
‘ 6507/34  6507/3-12 |2
/ o ‘ > 2 2 Ki,\www{
=z
R
= =
o w <
b=z BRYGGE
g|8
pr} =y
& Roon TARE 4
LAND
! o SPRINGAR
gsars.2  H1igh 3
6507/5-5 w |z
6507/5-4 £ °
(%]
=
! e}
Wl —
Cretaceous < 2
Platform area E E
Terrace o s
Permo-Triassic [~ z|g
- Fault ; g
e
— 6507/7-14S Depth (km)
S g,
10 km nl-2|E&
g s
E
[=}
S [ranGsT
|:| Mudstone |:| Sandstone

FIGURE 1 (a)Overview map with the study area marked covering Donna Terrace and Ser High, offshore Mid-Norway. (b) Depth map

for the top Cretaceous sandy Intra Lange Formation (S3). Interpreted faults defining pressure compartments and wells with measured

pressures used in the study are marked with black and white. Red X marks the pressure compartment used in the result chapter, while

red rings mark two wells with XRD data, one outside the study area. Skarv compartment cell is the main studied cell. (c) Simplified

lithostratigraphic column from the Halten Terrace and Nordland Ridge, green is dominating mudstone and yellow is dominating sandstone.

Reworked from Dalland et al. (1988).

Norwegian Sea, carried out detailed mineralogy studies
of cuttings. Using XRD analysis of shales they show pro-
gressive alternation of smectite to illite, the same trend as
shown by Cicchino et al. (2015) for wells in the Haltenban-
ken area. Cicchino et al. (2015) also presented geothermal
gradients measured from DST temperatures of 40.7°C/km
for well 6507/-1 (Alve Field) 6507/5-5 (Skarv Field) that is
situated in our study area.

2 | DATA AND MODEL SETUP
FOR 3D PRESSURE SIMULATIONS

To set up the 3D geo-model, we had access to 20 inter-
preted seismic horizons from 2D and 3D seismic surveys
covering the study area (Figure 1b), that defines the
top of the layers in the geomodel (Table 1). The sand/
clay fraction for the layersise defined from sedimentary
logs from the area (Table 1). The lithology is predomi-
nately shales with four sandstone units; the Cretaceous
Lysing Formation, two layers in the Early Cretaceous

Lange Formation and the deeper middle Jurassic Garn
Formation (Table 1). For the 3D pressure simulations,
we assume a constant initial depositional smectite frac-
tion (0.9 of the clay fraction) and potassium content
set constant to 0.0035mol/L for all sediment layers in
the model. The paleo-water depths were set constant to
400 m, while today's bathymetry map was used present-
day water depth. No erosion or uplift are included in the
model set-up.

Leak-off tests (LOT) and formation integrity tests (FIT)
from wells in the study area were used to calibrate the
input minimum horizontal stress. The input parameters
used in the base case are listed in Table 2. For the 3D pres-
sure simulations, the first timestep starts at 161 Ma till the
present day, with timesteps of 250,000 years.

2.1 | Datasets used for comparisons

As a part of the workflow, we compared the outcome of
the simulations with three independent datasets:
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TABLE 1 Overview of input layers used in the simulations.
Depositional age Water depth Sand Clay Simulation

Layers—Name (Ma) (m) (fraction) (fraction) layer name
Seabed 0.00 Seabed 0.1 0.9 0

Upper Naust Fm 0.02 400 0.1 0.9 1

Top Naust Fm 0.05 400 0.1 0.9 2

Intra Naust Fm 1.5 400 0.1 0.9 3

Kai Fm 4.0 400 0.1 0.9 4

Top Brygge Fm 16.0 400 0.1 0.9 5

Top Tare Fm 55.8 400 0.1 0.9 6

Top Springar Fm 65.5 400 0.1 0.9 7

Shetland Group 2 77.25 400 0.2 0.8 8

Top Lysing S6 89.0 400 0.95 0.05 9

Base Lysing 89.5 400 0.05 0.95 10

Kvitnos Fm S5 90.0 400 0.1 0.9 11

Top Lange Fm S4 93.0 400 0.2 0.8 12

Intra Lange Fm S3 98.0 400 0.95 0.05 13

Intra Lange Fm 99.0 400 0.1 0.9 14

Intra Lange Fm 101.0 400 0.95 0.01 15

Intra Lange Fm S2 103.0 400 0.20 0.8 16

Intra Lange Fm S1 133.0 400 0.1 0.9 17

BCU 138.0 400 0.1 0.9 18

Top Melke Fm 161.0 400 0.1 0.9 19

Top Garn Fm 176.0 400 0.8 0.2 20

Are Fm 190.0 400 0.1 0.9 21

Note: The sandstone units are marked with gray shades.

» Measured pressure data from exploration wells in the
study area

+ Published dataset of XRD data from Kvitnos and Lange
Formations from two wells in the study area

« Published and own datasets of shale permeabilities
from the North Sea and Mid-Norway area

Measured pressures as Formation Integrity Tests (FIT)
and Repeated Formation (RFT) tests from sandstone units
from exploration wells in the study area are used to check
the quality of the simulations.

2.1.1 | XRD datasets

To compare the output of our simulations for the simulated
smectite-illite transition, we compare with published XRD
analysis by Cicchino et al. (2015) from two wells; wildcat well
6507/7-11S west of Heidrun and 6507/5-4 (Skarv area), see
Figure 1 for location. Cicchino et al. (2015) carried out bulk
XRD analysis and clay fraction XRD analysis on Cretaceous
Lange and Kvitnos Formations with analysis procedures as
described in Peltonen et al. (2009) and Cicchino et al. (2015).

In addition, we did our own X-ray diffraction analysis
of six shale samples, that were used for shale permeabil-
ity measurements (Table 3). The smectite and mixed layer
content are shown as percent from the bulk rock. The
mixed layer represents illite-smectite.

2.1.2 | Shale permeability dataset

We have tested seven shales from the North Sea and
the Mid-Norway area using transient decay methods
(Table 3), the permeability is measured both vertically and
horizontally, and compared with published data (Yang &
Aplin, 1998, Hildenbrand et al. (2004).

3 | METHODOLOGY

To illustrate the sensitivity of the model parameters on
the transition from smectite to illite, we have set up a
range of 1D simulations, where the effect of heat rate,
temperature and potassium content have been var-
ied. Thereafter, the smectite-illite transition has been
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Processes

Lithology “sand”
Porosity method

Permeability

Lithology “shale”
Porosity method

Permeability

Smectite-Illite corr.

Fault permeability

Ee?:g; i % Iy LOTHE ET AL.
TABLE 2 Input parameter used in the “base case” without SI transformation included.
Reference Parameter description Symbol Unit
Sclater and Top porosity 0.49 -
Christie (1980)
Bottom porosity 0.03
kexp 0.00027 1/m
Equation (4) this article ~ Sand permeability at surface ko 1.0e-14 m?
Permeability exponent kexp 3.98
Density 2300 kg/m®
Smectite fraction 0.9
Sclater and Top porosity 0.63 -
Christie (1980)
Bottom porosity 0.01
kexp 0.00051 1/m
Equation (4) this article Shale permeability at surface kO 1.0e-14 m?
Permeability exponent kexp 4.6
Density 2650 kg/m®
Smectite fraction at surface 0.9
Huang et al. (1993a)
“Turning point” between corr. Sxs 0.8
curves
Perm. Correction when x=SIxs Slzs 0.001
Perm. correction no smectite SIz0 0.01
content
Huang et al. (1993b) Arrhenius factor A 8.08*10* Sec™!
Erratum
Activation energy Ea 28 Kcal/mole
Gas constant R 1.987 Cal/deg-mole
Potassium concentration K* 0.0035 mol/L
Borge (2000)
Fault width b 20 m
Transmissibility (%) remaining at no  tp 0.05
overlap
Lateral transmissibility kvert 0.0069
Porosity at seabed Por0 0.48
Rate of change in porosity vs. depth Porc 0.00038
Porosity where the K and phi curve Pors 0.1 m™!
changes between shallow and
deep relationships
Permeability where the K- Port 0.00002 mD
Rate of change in fault zone Porde 6.0 mDm ™
permeability for deep faults
Rate of change in fault zone Porsh 6.0 mDm ™

permeability for shallow faults
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TABLE 2 (Continued)
Processes Reference Parameter description Symbol Unit
Temperature gradient
model
Temperature at sea-level TO 4 °C
Thermal gradient Tgrad 39 °C/km
Stress model Grauls (1998)
Grauls No. 1.147
Quartz cementation Walderhaug (1996)
Temperature start 80 °C
Temperature end 175 °C

TABLE 3 Measured vertical and horizontal permeabilities from North Sea and Mid-Norway shales.

Smectite + mixed layer

Sample Age Vsh % content (% of bulk rock)
E 60 64 63.3

T 50 79 39.0

F 40 88 65.0

B2 155 67 47.1

G 55 6 5.00

K 80 56 10.6

C1 166 78 20.9

implemented and tested in three-dimensional pressure
simulations, varying the smectite-illite corrections used
for the shale permeabilities and varying the temperature
gradient for a case study offshore Mid-Norway. Finally,
a Monte Carlo approach was carried out, varying several
input parameters for 300 and 1000 runs. The simulated
shale permeabilities are compared to measured perme-
abilities in lab experiments using the transient-decay
method.

3.1 | Modelling smectite-illite
transformation

The smectite-to-illite transformation is modelled using
the following kinetic formula from Huang et al. (1993a):
- % =A51e‘§—‘% [K*]s? )
where Ag; is Arrhenius factor (1/s), E, is activation en-
ergy (cal/mol), [K"] is potassium concentration (mol/1),
R is gas constant (1.987 cal/Kmol), S is smectite fraction,
t is time (s) and T is temperature (K). A similar model
has previously been applied in 1D simulations (Helset
et al., 2002). According to this formulation, the tempera-
ture is a key factor for the rate of change of smectite, with

Depth Permeability Permeability

(m TVD) vertically (m?) horizontally (m?)
1517 809274E-21 329631E-20

1832 74019E-21 197384E-20

1857 450233E-19 59081E-18

1907 592152E-22 602021E-21

1976 76733E-19 958023E-18

2398 394768E-21 407598E-20

2923 394768E-22 286207E-21

potassium concentrations serving as a catalyst. The burial
history of the sediments and its associated thermal history
is there for instrumental in describing the distribution of
smectite-illite transformation within a sedimentary basin
at present day.

3.2 | 1D smectite-illite transition
simulations—Effect of heat rate and
potassium content

We have tested implementation of diagenetic effects of the
smectite-illite transition in shales in two ways, first by 1D
simulations in Matlab, and thereafter in full 3D pressure
simulator. In the 1D simulations, the overpressure is not
considered.

We are varying the burial history and by that the ther-
mal regime and the potassium content, keeping the other
parameters fixed in accordance with Huang et al. (1993a)
as shown in Table 2. In these simulations, the whole over-
burden is not modelled, we are only following one sedi-
ment sample.

The simulations represent a sediment sample with
initial smectite fraction equals 1 exposed to a selection of
four different heating rates (ranging 1-4°C/Myr) over a pe-
riod of 60 Myr (see Figure 2), each mimicking a sediment

85U8017 SUOLIIOD BATE8.D 8|qed ! (dde auyy Aq peusenob a1e S9pile YO ‘SN JO S3|nJ o} A%eiq1T8UlUO AB|1/ UO (SUONIPUOD-PUR-SLUB)L0D A8 | 1M Afe1q 1 Ul |Uo//SdNL) SUORIPUCD PUe SWIe 1 8y} 89S *[£202/80/62] U0 Ariqi aulluo (1M ‘yoseessy ABieud jeluss Aq ST8ZT9.0/TTTT OT/I0p/w0o A8 | Areiqijeuljuoy/sdny wouy papeojumod ‘0 ‘L TTZS9ET



8 = LOTHE ET AL.
“LwiLey- Basin,g, S
@ o
o
o 200
i
©
5 100
[oR
qE_) 0 I | 1 1 | |
F 10 20 30 40 50 60
Time [Myr]
b) = 4
.f_:) heatRate=1°C/Myr
8 heatRate=2°C/Myr
£ 0.5 70
5 heatRate=3°C/Myr
8} heatRate=4°C/Myr
L(I_‘S O | | 1 | | |
0 50 100 150 200 250 300
Temperature [°C]
() = 1
g heatRate=1°C/Myr
[&]
[0} L heatRate=2°C/Myr
& 0.5 heatRate=3°C/Myr |
8} heatRate=4°C/Myr
ugi 0 1 I I . |
0 10 20 30 40 50 60
Time [Myr]
(d) ] heatRate = 1°C/Myr ‘ (e) ) heatRate = 2°C/Myr
500 Fy
E
g 0.6 £ 05
%) [K+]=0.0015 mol/l )
S 0.4 [K+]=0.0025 mol/l 8
o [K+]=0.0035 mol/l e
[K+]=0.0045 mol/l
0.2 0
0 20 40 60 0 20 40 60
Time [Myr] Time [Myr]
® heatRate = 3°C/Myr (9) heatRate = 4°C/Myr
1 1
e P
3 3
g05 2 o5/
0 n
& &
- L
0 ‘ 0
0 20 40 60 0 20 40 60
Time [Myr] Time [Myr]

FIGURE 2 (a) Temperature versus time, (b) Fraction smectite content and (c) temperature versus time for different heat rates. The
higher the heat rate, the more rapid changes in the smectite content. The potassium content is held constant. Simulated S-I processes versus
time varying the heat rates (d) 1°C/Myr, (e) 2°C/Myr (f) 3°C/Myr and (g) 4°C/Myr.
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sample buried with a fixed burial rate along a uniform ther-
mal gradient. The temperature (°C) versus time is given as:

T(t) = Ty + heatRate « t 3)

where T, is surface temperature (°C), ¢ is time (million
years), and heatRate (°C/Myr). The surface temperature was
kept fixed at 20°C.

Figure 2a-c show smectite fraction transition versus
time and temperature varying the heating rate, with
potassium content set constant to [K+] =0.0035 mol/L.
With a heating rate of 1°C/Myr, the sample reaches
80°Cs at end of simulation (after 60 million years), cor-
responding to a burial depth of 1500 m (with a burial rate
of 25m/Myr). A heating of rate of 2°C/Myr, the sample
reaches the same depth/temperature at half of the time
(30 million years, see Figure 2a). The smectite percent-
age has been reduced to 38% for the first case after 60
million years, while for heating rate of 2°C/Myr, similar
smectite fraction is reached after 33 million years and
completely converted about 55 million years after depo-
sition (Figure 2b).

The simulations show that with a higher heating rate,
the more rapid the smectite fraction will be reduced (Fig-
ure 2c). Naturally, the smectite-illite transition will be
controlled by the temperature, with less and slower al-
ternation with colder temperatures in a basin and we see
from Figure 2b, that the smectite-illite transition stops
with low temperatures and low heat rate (1°C/Myr). Fig-
ure 2d shows the effect of varying the potassium content
in Equation 1, where increased potassium content will in-
crease the smectite fraction effect. The effect of the potas-
sium content is larger at low rates (Figure 2d), compared
to higher heat rates (Figure 2e-g).

3.3 | 1D calculating initial smectite
fraction from observed XRD clay fraction

We have used the observed XRD fractions from the two
wells to back-calculate to the initial smectite fraction.
First, the pressure compartment for the well locations was
located. The sub-layers used in the original geo-model that
match the present-day sample depths were used as proxy
for modelling the smectite-illite transition. The associ-
ated burial history of the sample locations was calculated.
Then, forward simulations of the smectite-illite transfor-
mation using a kinetic model by Huang et al. (1993a) were
carried out for each sample. For the thermal history, the
surface temperature was set to 4°C, and the thermal gradi-
ent to 40°C/km uniformly through the geological history.
The goal is to find the initial smectite content that best
matches the measured present smectite fraction (sam-
ples). We used a search algorithm with initial smectite

fractions (at deposition), that will search until the mod-
elled smectite fraction matches observed smectite fraction
within an error tolerance of 0.001.

3.4 | Methodology—3D pore pressure
simulations

The Pressim2.0 software (Grever et al., 2018; Lothe
et al., 2020, 2022) is a 3D pressure simulator, using a re-
stored sedimentary basin history as input, where the main
timesteps are defined from interpreted seismic horizons
from the study area, both for the overburden (e.g. often
shales or chalk) and reservoir units (often sandstone lay-
ers). The simulator is customized to model pore-water
pressure generation and dissipation in 3D over geologi-
cal time scales. The simulator has been rewritten in the
last years (Grover et al., 2018, Lothe et al., 2020, 2022),
but the simulator is still built on the same basin modelling
principles as presented in Borge (2000) and Lothe (2004).
The basic assumption is that the fluid flow dynamics can
be described by pressure compartments, that is defined by
interpreted faults at a given depth, usually at top reservoir
level. The faults are assumed to be vertical, and if the pres-
sure compartments vary dramatically in depths, “pseudo-
faults” with no throw are included (Lothe et al., 2004).
The change in porosity is given by empirical depth-
dependent compaction curves for the different lithologies
(Sclater & Christie, 1980), and kinetic equations reflecting
the degree of chemical compaction (e.g. effect of quartz
cementation in the sandstone units using model by Wal-
derhaug (1996)). The tool quantifies pressure dissipation
using a model for lateral cross-fault fluid flow (Borge &
Sylta, 1998) and Darcy flow equations in the vertical direc-
tion. The Griffith-Coulomb failure and the frictional slid-
ing criterion are used to simulate hydraulic leakage from
the overpressured compartments (Lothe et al., 2004).
The overburden weight and minimum horizontal stress
are treated as principal stresses. The minimum horizon-
tal stress is given by an empirical function introduced by
Grauls (1998). The minimum horizontal stress was cali-
brated to leak off test data from wells in the study area.

A thermal gradient model is included for calculat-
ing the temperature at a given depth within the basin at
a given time step, by assigning surface temperature and
thermal gradient within the basin at each geological time
step. The simulations start at deposition of the lowest res-
ervoir unit and simulate pressure generation and dissi-
pation in forward manner till the present day. The input
parameters such as shale permeabilities are varied, so that
the simulated overpressure should match the measured
pore pressures from different pressure compartments
with different wells in the area.
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3.5 | Effect of smectite-illite on pressure
model: Permeability alterations

Diagenetic reactions in shales, such as smectite-illitization,
changes the microstructure of the shale (Bjorlykke & Na-
deau, 1998; Hower et al., 1976; Nadeau & Reynolds, 1981).
The flow properties, and thus also the permeability, are there-
fore affected by shale diagenesis. Similar arguments can also
be made for pore space alterations, which can impact the
pressure generation within the sediment. A simple approach
to combine these effects is by introducing a correction fac-
tor to the shale permeability depending on the smectite-illite
content fraction. The sediment permeability is calculated
using a variant of porosity-permeability relationship often
used in basin models (see also Yang & Aplin, 1998):

kexp
k =k, <i> (4)

€o

where k, (m?) is the sediment permeability at surface, kexp
is the permeability exponent, e is void ratio (pore volume di-
vided by sediment volume) and e, is void ratio at surface.
Each lithology is defined with its own set of k, and kexp, as
listed in Table 2. The bulk permeability is calculated as an
average over the mix of sediment lithologies (e.g. fraction
of sand, clay and carbonates) (see also Table 1 for fraction
distribution for the input layers).

The correction factor to the permeability calculated by
Equation (2) is given by:

k

corr

=kC, (5)

where C; is the correction factor related to the state of
smectite-illitization. The permeability correction is con-
trolled by the smectite-illite reaction progress. It has been
suggested (Bjorlykke & Nadeau, 1998) that permeability
reaches a minimum (“turning point”) early in the reaction
when there is a mixture of smectite and illite particles in
the system (see Figure 3a). Bjorlykke and Nadeau (1998)
observed that the permeabilities were reduced by several
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orders of magnitudes, by temperatures of 150°C, due to illite
formations in sandstones from the Norwegian Continental
Shelf. In the simulations, we have included a correction
factor depending on smectite fraction, and that is defined
by three curve parameters. The correction parameters are
named as shown in Figure 3b:

e SIxs=“Turning point” between the two correction
curves, at smectite fraction x

« SIzs=permeability correction (max impact) when
smectite fraction x=SI_xs

« SIz0=permeability correction with no smectite content.

The permeability correction factor is implemented
with two relationships (Figure 3b):

Slzs—SIz0
SIzO+( SIxs )x)

C (o) = 10(
’ 10(—(;?@%(%))“)’ SIxs<x<1

0<x<SIxs

(6)

where x is the calculated fraction of smectite at a given time-
step in the simulations, and x is ranging between 0 and 1. For
instance, if one assumes a smectite content of 0.9 of the clay
fraction, this will correspond to a correction factor in range
of 1072 using the input parameters illustrated in Figure 3b.

At each simulation time step the degree of compaction
in the basin is calculated (porosity update) due to incre-
mental sediment load and temperature effects, impact-
ing in-situ pressure generation. In parallel, the degree of
smectite-illite transformation is calculated following the
kinetic equation by Huang et al. (1993a, 1993b Eq. 2) de-
pending on given burial depth and temperature regime
during time step. The resulting overpressure within the
time step is again coupled with the dissipating pressure
capability (shale permeability) as described above. Hence,
the smectite fraction at given time step impact the correc-
tion and the pressure dissipating capabilities.

The simulation workflow is presented in Fig-
ure 4, with the smectite content is simulated, varying

®
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FIGURE 3 (a) Temperature plot of sandstone diagenetic illite contents within the clay fraction, determined from X-ray diffraction from
NCS, reworked from Bjorlykke and Nadeau (1998), (b) Example of correction factor plotted versus smectite content (fraction) used in the

simulations. Parameters marked in red.
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1) Simulate smectite content versus
depth, Huang et al. (19934, b, Equ. 2).

Vary parameter:
* Temperature gradient

2) Simulate effects of smectite content
on shale permeabilities, (Equ. 4),
combined with smectite correction
(Equ.5, 6).

Vary parameters:

¢ Shale permeabilities

* Smectite-illite corrections

3) Simulate effect of shale permeability
variation on overpressures in 3D.

Compare output with:
* Measured smectite content from
XRD analysis of shales

Compare output with:
* Measured shale permeability,
transient decay method

Compare output with:
* Measured pressure (FIT, RFT) from
sandstone units

FIGURE 4 Simplified simulation workflow with varied parameters and comparison to measured data shown. Examples of (1) simulated

smectite fraction versus depth, (2) permeability versus depth and (3) simulated overpressures versus depth for a pressure compartment.

temperature gradient, the shale permeability is cal-
culated, and the smectite effect is implemented as de-
scribed above. The simulated shale permeability can be
compared with permeability shale measurements but
is to calibrate to the measured shale permeabilities. Fi-
nally, the simulated 3D overpressures can be compared
with measured overpressures in sandstone units from
exploration wells in the area.

3.6 | Monte Carlo methodology

The Monte Carlo technique consists of generating a range
of different outcomes when the potential for random vari-
ables is present. In general, a pitfall in the basin simulators
is the vast number of input parameters, their inherent un-
certainty, as well as the uncertainty of the model process
itself. Several simulation input realizations may give same
fits to observation data, hence the question of objectivity

of the predictions is often the case. The model input pa-
rameters listed in Table 2 for the pressure simulation can
technically be treated as stochastic variables following a
given probabilistic distribution (normal and uniform)
with an associated mean and a standard deviation. How-
ever, in this article, we have only varied the input param-
eters presented in Table 4.

The Pressim2.0 simulator is in principle a determin-
istic simulator with a fixed set of deterministic input
parameters, but by running multiple simulations/real-
izations in a Monte Carlo scheme, each run with ran-
dom picks for each of these input parameters drawn
from its associate probabilistic distribution, a probabil-
ity distribution of the calculated overpressures is made.
The input section provides information on which sets of
input parameters that are treated stochastically in pre-
sented case studies (see overview in Table 4). There is no
weighting of the simulated pore pressures in the present
simulations.
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TABLE 4 Overview of simulations runs, with parameter setup and parameter variations.

Parameter

Case 1 (base case), deterministic run, without

smectite-illite transition
Case 2, deterministic run, With smectite-illite
correction

SIxs
Slzs
SIz0

Case 3, Monte -Carlo, 300 runs

Smectite-illite correction SIxs

Case 4, Monte Carlo, 300 runs

Smectite-illite correction Slzs

Case 5, Monte-Carlo, 300 runs

Smectite-illite correction SIz0

Case 6, Monte-Carlo, 300 runs

Smectite-illite correction SIxs
SIzs
SIz0

Case 7, Monte-Carlo, 300 runs

Temperature gradient Tgrad

Case 8, Monte-Carlo, 1000 runs

Temperature gradient Tgrad

Permeability shale ko
kexp

Smectite-illite correction SIxs
SIzs
SIz0

Distribution Mean Dev. Max. Width Unit
0.8
0.01
0.1
Gaussian 0.8 0.08
Uniform 0.1 0.001
Uniform 1.0 0.01
Gaussian 0.8 0.08
Uniform 0.1 0.001
Uniform 1.0 0.01
Gaussian 40 1 °C
Gaussian 40 1 °C
Gaussian 1.0e-14 1.0e-15 m?>
Gaussian 4.6 0.3
Gaussian 0.8 0.08
Uniform 0.1 0.001
Uniform 1.0 0.01

Note: The colours are used to distinguish between deterministic (light orange) and stochastic (dark orange) simulation runs.

3.7 | Simulation runs set-up

The deterministic simulation cases are split into two
cases: case 1 (base case) and case 2 which, respectively
does not and does includes the permeability correction
due to smectite-illite transformation described in the
methodology chapter, and six stochastic simulation cases
(Monte Carlo simulations). For Cases 3, 4 and 5; input pa-
rameters linked to the smectite-illite transformation are
varied stochastically (Table 3), while the remaining input
parameters are kept constant at in the base care (Table 2).
For Case 6 all three parameters linked to the smectite-
illite transition are varied for 300 runs. For case 7, only
the thermal gradient is varied, keeping the smectite-illite
transition parameters constant. Case 8 presents a larger
simulation run with 1000 realizations, varying tempera-
ture gradients, smectite-illite correction and shale perme-
ability parameters. The stochastic input distributions for
Monte-Carlo simulations are listed in Table 3. Notice that

in case 8 with 1000 realizations, also the shale permeabil-
ity at surface (k,) and permeability exponent (¢) in Equa-
tion 4 is varied (see Table 4).

Model input parameters for the deterministic base
case are listed in Table 2. This includes the mechanical
compaction curve parameters and quartz cementation for
porosity alterations for the defined lithologies, associated
permeability parameters, as well as flow parameters for
fault transmissibility calculations. In all cases, we have
used a uniform surface temperature and a uniform ther-
mal gradient for all geological time steps.

3.8 | XRD analysis

The mineralogical composition of representative parts of
the two shale samples was determined by qualitative and
semi-quantitative X-ray diffraction analysis, whole rock
and fine fraction <4 pm.
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For whole rock (bulk) analysis representative sam-
ples at about 2.5 grams were ground in an agate mortar
until all solid particles were in the silt fraction or finer.
The samples were then dried at room temperature (20°C)
and mounted as unoriented powder on sample holders.
Samples for fine-fraction analysis were left in de-ionized
water overnight and disaggregated by gently stirring with
a glass rod and treatment with an ultrasonic vibrator. The
fine fraction <4 um was separated by settling (according
to Stokes law) in 500mL glass cylinders containing de-
ionized water, collected on millipore filters (oriented
samples) and treated with MgCl,, and at last inverted
onto discs made of quartz glass. Each mineral has char-
acteristic reflections on the X-ray diffractogram and can
therefore be identified. The sample preparations were
analysed with a Philips PW1710-based X-ray diffractom-
eter with spinner and automatic sample changer at the
following conditions: Range (20): 2°-52° (2°-35° for fine-
fraction), radiation is monochromatic CuK,, voltage is
40kV, current is 30mA and speed 1°/minute. The fine
fraction was analysed both dry and after saturation with
ethylene glycol. The mineralogical composition was de-
termined by the interpretation of characteristic reflec-
tions on the X-ray diffractogram. The quantification of
each mineral was based on the product of the peak area
(the peak height multiplied by the peak width measured
at half the peak height) and a weighed factor (relative to
quartz).

3.9 | Methodology for permeability
measurements

Due to their inherent low permeability, standard meth-
ods are usually not used for shales. Two alternatives
exist: one can either estimate the permeability indirectly
from consolidation experiments or use a direct calcula-
tion from transient experiments, where a sudden pore
pressure difference is established on opposite sides of a
thin disk-shaped specimen and the pressure decay back
to equilibrium is analysed. An advantage of the transient
method is that the measurements are performed with
small pressure perturbations. It is then valid to assume
linearity in all relations and to neglect surface effects. This
greatly simplifies the analysis.

The permeability measurements are carried out in
the SINTEF formation physics lab and are performed
under isotropic external pressure with fluid pore pres-
sure at room temperature. The transient decay method
is used (see also Horsrud et al., 1998), and the test is per-
formed twice for each sample with a reversal of the pres-
sure amplitude. The average of the two measurements
per sample is used to calculate the permeability. All
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FIGURE 5 Schematic drawing of the cell used to measure
permeability on shale thin discs under confinement pressure.

tests are performed at the same isotropic confining pres-
sure of 16.0MPa and a pore pressure of 10.0 MPa with
0.5MPa pore pressure amplitude for the decay measure-
ments. A brine (3.5wt. % NaCl) is used during the test-
ing to relieve capillary suction on the sample surface and
establish pore pressure communication. A schematic of
the test setup, consisting of the pressure vessel and the
end pistons with the mounted sample, is presented in
Figure 4.

The sample is a cylindrical, disk-shaped sample with
nominal diameter of 38.1mm and is mounted between
two steel pistons and sintered disks, with a rubber sleeve
around the cylindrical surface. The thickness of the sam-
ples ranged from 10 to 20mm. The sample is exposed to
a confining pressure through the sleeve and pistons (see
Figure 5). At the end surfaces of the sample, pore fluid
may enter or escape through two sintered steel disks. Con-
fining and pore pressure are applied to the sample, which
is allowed to consolidate. After consolidation, a pore pres-
sure difference is generated across the sample by two nee-
dle valves and the ensuing evolution of the differential
pressure is measured with a differential pressure trans-
ducer. The two sides of the sample are each connected to
a pressure accumulator and a pump through ball valves,
which give the least pressure change during closing. The
confining pressure is generated by a pump and an accu-
mulator keeps the pressure constant.

All samples were prepared parallel or perpendicular to
the sediment layers. The sample extraction was performed
with a rotary core barrel, end-cutting was performed
with a masonry saw with diamond-impregnated cutting
surface, and the end-preparation was performed by wet-
grinding using a 320-grit paper. An inert laboratory-grade
oil (Marcol 82) was used during preparation to prevent
any change in the natural fluid content, and act as a circu-
lation- and cooling fluid. Following preparation and prior
to testing the samples were stored submerged in Marcol
82 in closed containers.
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4 | RESULTS

First, we carried out deterministic runs with and without
permeability corrections. Thereafter, several Monte-Carlo
stochastic simulations were carried out, varying input pa-
rameters as shown in Table 2. The output of the simula-
tions were compared with measured datasets for smectite
content, shale permeability and overpressures.

4.1 | 3D pressure simulations—
Simulations without (case 1) and with
permeability correction (Case 2)

For the 3D deterministic pressure simulations, we assume
a constant smectite fraction versus depth for the whole
study area (Figure 6a). Figure 6b shows a comparison for
one pressure cell (see Figure 1b, red x) between base case
keeping all the input parameters constant as shown in
Table 2, only varying without (case 1) and with (case 2)
the smectite-illite effect on calculated permeabilities ver-
sus depth. The simulations show a reduction in the shale
permeabilities along the whole sedimentary column in
order of two magnitudes, with the largest reduction in
the permeabilities around 2.2km depths. The thin sand-
stone layers can be observed as four “peaks” with higher

permeabilities. Figure 6¢ shows the corresponding simu-
lated present-day overpressure build up for the same pres-
sure compartment, using this two permeabilities with and
without the effect of smectite-illite transition included.
By introducing the smectite-illite transition correction on
the shale permeability, a shallow pressure build-up start-
ing from around 1.8km to 2.2km are simulated.

4.2 | Monte-Carlo simulations—Vary
smectite-illite correction (cases 3, 4, 5 and 6)

Thereafter, we varied the three input parameters controlling
the smectite-illite correction on the permeability SIxs, SIzs
and SIz0. For each input parameter we performed 300 runs,
keeping the rest of input parameters constant, for pressure
cell X at Figure 1 (Figure 7, Tables 2 and 3). For parameter
SIxs a Gaussian distribution was selected, since the Bjorlykke
and Nadeau (1998) article indicated a larger impact around
the “turning point” (see Figure 3a with rapid increase in il-
lite fraction due to increased temperatures), while SIzs and
SIz0 is set up with a uniform distribution (Figure 7a—c).
First, the “turning point” of the smectite-illite correc-
tion was varied by changing parameter Six following a
Gaussian distribution with mean 0.8 and standard devia-
tion 0.2 (Figure 7a, case 3), this has the largest effect on the
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FIGURE 6 (a)Simulated smectite content versus depth TVDm for a sediment column (pressure cell marked with red X in Figure 1), (b)

calculated permeabilities without and with including effect of smectite-illite transition versus depth for the same pressure cell, (c) Simulated

overpressures (bar) versus depth only varying the permeabilities with and without S-I transition effects.
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permeabilities at shallow depths <2.3 km (Figure 7d). The
reduced permeability for the shales resulted in simulated
shallow pressure build ups, in this case starting from ap-
proximately 1.5km (Figure 7g). Varying parameters SIzs
with uniform distribution between 0.1 and 0.001 reduces
the shale permeability in the shallow part, and around
a “breaking point” at 2300m depth (Figure 7b,e, case
4). This results in a varying pressure build-ups starting
from 2km depth, with the highest ramp build-up around
2.3kmm depth (Figure 7h). Varying the SI correction pa-
rameter SIz0 uniformly from 0.01 to 1 results in reduced
permeability at depth>2.4km, thus the corresponding
simulated overpressures have minor variation in magni-
tude (Figure 7c.f,i, case 5).

When we vary all the three SI parameters in the same
runs (case 6, Table 2), we observe a decrease in the simu-
lated permeabilities for the shales along the whole depth
interval, with a ramp structure around 2300-2500 m depth
(Figure 8a). The reduced permeability results in simulated
increased overpressure versus depth in the compartment
(Figure 8b).

4.3 | Varying the temperature gradient
(case 7)

The temperature gradients are varied with Gaussian dis-
tribution with mean and standard deviation: 40+2°C
for the study area, with the rest of the parameters kept
constant as in Table 2. Varying the temperature gradients
(Figure 9a), have influence on the smectite-illite transi-
tion with initial value of 0.9, and increased illite fraction
starting from approximately 1.5km (Figure 9b). This will

have some influence on the simulated shale permeability
below 2.0km to 2.3km and will therefor also influence
overpressure build-up in a restricted depth interval (Fig-
ure 9c,d). At depths larger than 2.5km, there is simulated
no effect on the overpressure (Figure 9d).

4.4 | Monte-Carlo simulations varying
several input parameters for 1000 runs
(case 8)

A large simulation case, with thousand Monte Carlo
drawings, were set up varying six parameters defining
the smectite-illite transition, the shale permeability, and
the temperature gradient, keeping the rest of the input
parameters constant (Tables 4 and 2). The resulting sim-
ulated present-day mean overpressures from the 1000
simulations, can be plotted in map view for the Lysing
Formation, and the two deeper sandstone units in Lange
Formation (Figure 10a-c). We have not used any weight-
ing, of the Monte Carlo runs, only compared the simu-
lated mean porepressures with measured porepressures
from exploration wells in the area.

For Lysing Fm. hydrostatic to very low overpressure
(<40bar) is simulated along the Revfallet Fault Complex,
with low overpressures in the Donna Terrace area (Fig-
ure 10a). Thus, if we map the deviation between mean
Monte Carlo modelled and measured overpressures, we
see for Lysing Formation around 20-30bar to large over-
pressures simulated in the Deonna Terrace area, but with
no or very little deviation in the northern part of the study
area. The pressure cells with no data for measured pres-
sures are without colour in Figure 10d-f.

Simulated
Mean
Standard deviation

FIGURE 8 (a)Simulated
permeability varying the three SI input
parameters for 300 runs, (b) Simulated

overpressures using the simulated
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For the sandstone layers in the Lange Formation, the
lowest overpressure is simulated up in the north-eastern
part of the study area with around 50bar, while in the
main parts, the simulated overpressure is around 150 to
200bar (Figure 10b,c). Plotting the deviation maps be-
tween mean simulated overpressure and observed over-
pressure for the two sandstone units in Lange Formation,
we see very good match in the northern Alve area and in
the Skarv area, with deviation <10bar.

Figure 11 shows the simulated present-day shale and
sandstone permeabilities versus depth in the pressure
compartment defined for the Skarv field (see Figure 1 for
location). The different runs are shown in grey, with the
mean permeability with one standard deviation shown.
The mean permeability is gradually reduced versus depth
till around 2400m depth, while there is a “break point”
around 2200 m, especially seen for the lowermost standard
deviation (Figure 11a). Below, the simulated permeabilities

Overpressure [bar]

are reduced, but with lower rate. At 2400 m depth, the sim-
ulated shale permeabilities varies in range from le-18m?
to 1e-20m> The vertically measured permeabilities have
lower magnitude, compared to horizontally measured
permeabilities for all samples. The permeabilities in the
sandstone units, have not been varied, and can be seen as
“spikes” with higher permeabilities than the shales.

If we compare the simulated shale permeabilities with
measured permeabilities on North Sea shales using tran-
sient decay method, carried out vertically and horizontal
to the shale layers, we observe that the simulated perme-
abilities is one to two orders of magnitude higher that the
measured permeabilities (Figure 11a). We see that the
shallow shale samples, from <2km depth, have smectite
+ mixed layers from 47% to 65% of bulk rock with vertical
low permeabilities (Figure 11a). One sample, from 1976 m
depth, has very little smectite and mixed layer content
(5%), compared to the other samples at shallow depths.
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FIGURE 10 Simulated present-day overpressure for the study area for (a) Lysing Formation, (b) Intra Lange Fm. (reservoir #2) and (c)
Intra Lange Fm (reservoir #3). Colour scale in bar. Deviation maps between modelled Monte Carlo mean and observed overpressures (bar)
for (d) Lysing Formation (reservoir #1), (e) intra Lange Formation (reservoir #2), and (f) intra Lange Formation (reservoir #3).

But this sample has also a very low shale content, with
Vsh 6%, indicating more a silty/sandy sample.

Figure 11b shows the corresponding simulated over-
pressures for the same runs and for the same pressure com-
partment. We do not have measured overpressure from
the Lysing Formation. The simulated mean overpressure
for the upper sandstone layer in the Lange Formation is
130bar, while measured overpressures from well 6507/5-2
is 113-122bar and 106-124bar for well 6507/5-4 (reser-
voir #2 Lange Fm). For the deeper sandstone layer in the
Lange Formation, the simulated overpressure is 130bar,
while the measured overpressures are 113-122bar in well
6507/5-2 and between 120bar to 148bar in well 6507/5-4
(see range in measured overpressures for the compartment
marked as a blue line in Figure 11b).

The simulated smectite content in the 1000 simu-
lation runs for the Skarv pressure compartment (see
Figure 1), can be compared with clay fraction XRD
analysis from well 6507/5-4 (Skarv Field), and wild-
cat well 6507-118S situated south of our study area, see
Figure 1 for location. Figure 12a,d show the simulated
smectite content when the kinetic model from Huang
et al. (1993a) is implemented in the 3D simulator, and
the input parameter is varied as shown in Table 4. For
Skarv compartment, we simulate a gradually reduction
in smectite content from around 50% at 2.5km depth,
till around 10% smectite at 3.1km depth (Figure 12a).
We see the same overall trend from the XRD analysis
for the well 65,075-4 in the same compartment, except
some peaks of higher smectite fraction at around 3250 m
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FIGURE 11 (a)Simulated log permeability versus depth (m TVD) for Skarv Field pressure cell with 1000 realizations. Mean simulated
permeabilities with one standard deviation is marked. The simulated shale and sand permeabilities are compared to measured vertical and
horizontal permeabilities from North Sea cores. Data from SINTEF in-house database, from Norwegian margin, Hildenbrand et al. (2004)
and from the North Sea, Yang and Aplin (2007). For the own shale samples, the smectite + ML percent content is plotted. (b) Corresponding
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burial depth in well 6507/5-4 and around 2950 m and
3050m TVD in well 6507/11-11S (Figure 12b,e). Cic-
chino et al. (2015) commented that some few samples
clearly were contaminated by drilling mud, and there-
fore should be ignored, and that the smectite content
decreased in all wells to values below 20%.

Figure 12c,f show the corresponding back-calculated
smectite fraction to match the present measured smec-
tite content. We see good match in the shallow part, for
both wells (Figure 12c¢,f), but depths with high smectite
contents are difficult to match, but as stated above, this is
probable due to artefact of the drilling mud.

5 | DISCUSSION

One of the key processes in shales deposits is the smec-
tite- illite conversion, where we in this work have imple-
mented the Huang et al. (1993a) experimental derived

kinetic model. Huang et al. (1993a) found that the potas-
sium concentration varied typically in the range of 0.0026-
0.0052mol/L for oil field brines based on a large variety of
geological settings (i.e. the Gulf of Mexico, Vienna Basin,
Salton Trough, Taiwan Basin, Huasna Basin etc.). Bazin
et al. (1997) show composition for oil field brines in the
Greater Alwyn area, North Sea area varying from 0.00167
to 0.00524. Figure 2 showed that the potassium concen-
tration has a larger effect with low heating rates in a sedi-
mentary basin (e.g. Figure 2d with 1°C/My). With higher
heating rates the effect is moderate to low. For simplifi-
cation, we assume a constant rate of 0.0035mol/L for the
potassium concentration in the rest of the simulations.
One of the main assumptions we made, based on Bjor-
lykke and Nadeau (1998) and data from Pallatt et al. (1984)
and de Waal et al. (1988), is that an exponential reduction
in permeability is associated with the illite content. We as-
sumed that a correction should be linked to the smectite-
illite content, around a smectite factor of 0.8 (see Figure 3).
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Nadeau et al. (2002) linked the increase in proportions of
illite, intersecting clay-mineral packets and increasing
overpressures. Andras (2018) showed, based on data from
Lower Cretaceous mudstones from offshore Mid-Norway,
Miocene mudstones from the Malay Basin and Triassic
mudstone from Central North Sea, how the fabric align-
ment in the shales increase depending on burial depth
starting from around 2000m depth below the seafloor.
The strong fabric alignment increases with chemically en-
hanced mechanical compaction. The same trend is seen

from central Junggar Basin (China), but at larger burial
depths (4000-4800m), and temperatures of 90-105°C (Li
et al., 2022). For this basin, we see even clearer the abrupt
change in diagenesis with chemically enhanced compac-
tion starts at around 20% illite in illite-smectite content.
Thus, we clearly see from Figure 7a,d,g, that varying the
SIxs parameter with Gaussian distribution 0.8+ 0.08,
keeping the rest of the input parameters constant, results
in a spread in simulated shale permeabilities at shallow
depth (<2500 mTVD), and thereby variation in the start of
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the overpressure ramp. Figure 7g shows a rapid pressure
build-up of around 2.2km + 100 m. varying SIzs results in
a deeper ramp, starting around 2.5km depth +100m (Fig-
ure 7h), while SIz0 have minimal effect on the pressure
ramp (Figure 7i).

5.1 | Smectite content

In our 3D pressure simulations, the initial smectite frac-
tion (of shale content) is kept constant for all Monte
Carlo runs and with a uniform value of 0.9 for all lay-
ers. This is a simplification and is probably not the case
in the reality. Bjorlykke (2014) refer to depositional en-
vironment, provenance and climate as factors control-
ling rock properties at depths. In dry climates, there is
less feldspar dissolution and precipitation of kaolinite,
while in humid climates does fluvial and deltaic clays
and silty mudstones have high content of kaolinite. Dis-
tal clays and deep-water clays are fine-grained with high
content of smectite and illite and little kaolinite (Bjor-
lykke, 2014). Increased smectite content can also be a
result of volcanic activity or reworked volcanic materi-
als. To evaluate our simulation approach, we compared
simulated smectite fraction in 1000 runs with measured
XRD analysis from two wells, well 6507/5-4 from the
Skarv area, and well 6507/7-118S situated 4 km south of
the study area (see location on Figure 1). We see good
match in the shallow parts, for both wells (Figure 12c,f),
but depths with high smectite contents are difficult to
match. Thus, from Cicchino et al. (2015) comment, these
peaks are probable artefacts from drilling mud. Overall,
an initial fraction of 0.9 in smectite, gives a good upscal-
ing of the overall smectite fraction.

5.2 | Upscaling of shale permeabilities

To be able to simulate effect of smectite-illite transition on
overpressure, it is important to have a good understanding
and knowledge of the shale permeability. It is difficult and
time-consuming to measure shale permeabilities in the
laboratory, it is also challenging to get hold of high-quality
specimens that are needed for such measurements due to
the cost and few cores that are collected. Some studies
have been carried out on synthetic samples. Mondol et al.
(2007) generated brine-saturated clay slurries of smectite
and kaolinite and measured smectite aggregates from
0.004 to 0.00006 mD (60 nD) at stresses between 1MPa
and 50 MPa. The SINTEF database from the North Sea
presented in this work, carried out using transient pulse
decay method, show measured permeabilities with differ-
ent magnitude, varying from 10™*® to 107> m?. Especially
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the shale samples from the shallow burial depths, from
1500 to 2000 m, show a large spread in measured permea-
bility data. The shallow low permeability shales are in line
with measured data from Palaeocene to Eocene shales
from Norwegian margin (Hildenbrand et al., 2004). At
depths >2km, Yang and Aplin (2007) carried out exten-
sive measurements using transient pulse decay technique
on deeply buried mudstones from the North Sea resulting
in a range from of measured vertical permeabilities from
8.0-107* to 2.9:-10"**m?, the same order of magnitude as
the SINTEF database at these depths.

All three shows higher measured permeabilities hor-
izontally, compared to vertically. Ratio between vertical
and horizontal permeability on samples are in range of one
order of magnitude, probable due to sedimentological het-
erogeneities and layering within shales. Figure 11 shows
clearly that the measured permeabilities from shales in the
North Sea overall have lower permeability that the simu-
lated permeabilities. Generally, the simulated permeabili-
ties are two orders of magnitudes higher than the measured
permeabilities. The measured permeabilities can be seen
as “end members”, how sealing the shales can be with no
tracks or flaws, or sedimentary variations. When upscaling
to hundreds for meters, one would not expect perfect tight
shales, but also heterogeneities (silt and sands), cracks etc.
Hantschel and Kauerauf (2009) suggest using a scaling fac-
tor of 0.01 for shales and using a Kozeny-Carman approach
for basin modelling studies. However, on Figure 11a, we
have included the percent of measured smectite + mixed
layer for the samples tested at SINTEF. We see clearly from
Table 4, and Figure 11a that the samples with high smec-
tite/mixed layer content have low permeability at shallow
depths. The exception in sample G, with low shale content.
Using the simulation approach presented in this work, we
are able to mimic the effect of smectite-illite transition and
correction on the shale permeability beyond using two
magnitudes scaling factor.

5.3 | Overpressure build-up

As mentioned in the introduction, velocity and density
log data from Storvoll et al. (2005), shows low velocity
interval in mudstones for the eastern Haltenbanken.
This trend is line with our study area, with low veloci-
ties observed for the lower Miocene to upper Pliocene
Kai Formation and the lower Eocene to lower Miocene
Brygge Formation, with an abrupt reduction in the ve-
locities from the overlying Quaternary Naust Formation.
A question is if the low velocity is caused by overpres-
sure or other factors. Hermanrud and Undertun (2019)
suggest that since Brygge Formation and the Kai For-
mation are known to contain large amount of biogenic
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silica (ooze) in the Norwegian Sea (e.g. Riis et al., 2005),
the high silica content of biogene origin should explain
the low velocities and densities. Thus, the appearance of
these rocks could often be mistaken grey shales (with no
biogenic material, and as rocks in compaction disequi-
librium). This is in line with our simulations, where the
overpressures gradually start to increase from around
1000 m, but the ramp structure, because of the smectite-

illite transformation is simulated to take place from
around 2200 m depth.

Build-up of overpressures are commonly associated
with temperatures above about 100-120°C (e.g. Nadeau
et al., 2002), where active mineral reactions in shales re-
sults in permeability reduction that are needed for over-
pressure to occur. The clay mineral reactions that release
significant amounts of silica are smectite to mixed layer
illite/smectite and illite and kaolinite to illite. These oc-
curs at temperatures of 60-100°C and 120-140°C (e.g.
Bjorlykke, 1998). Formation of small illite crystals from
smectite or kaolinite are suggested to be the controlling
mechanisms for permeability reduction (e.g. Freed & Pea-
cor, 1989; Nadeau et al., 2002). Thyberg et al. (2010) points
to that micro-quartz are the most probably sources from
silica released during the smectite to illite dissolution-
precipitation reaction. They also indicate that the released
silica has not been exported out of the mudstones. Thus,
the micro-quartz cementation process causes a significant
change in mudstone stiffness and change in facies close to
2400-2600m/70-90°C in Late Cretaceous mudstones off-
shore Norway (Thyberg et al., 2010). This is in line with
our modelling, with permeability reduction around 2.4-
2.5km depth (Figure 11a), that is simulated as pressure
build up. Since there exists no good methodology for di-
rect measurement of the overpressures is shales, we have
compared the simulated pore pressures in Lysing and
Lange Formations sandstone units from RFT and FIT. We
see from the deviation maps, good correlations in north-
ern and western part of the study area, and better for the
Lange Formation, then the shallower Lysing Formation
(Figure 10). One explanation can be that the interpreted
fault pattern at middle Jurassic top Garn Formation level,
e.g. at deeper stratigraphic level, give too large modelled
influence on the lateral flow pattern at Cretaceous level.
However, if we examine the simulated pressure ramp
build-up for the compartment at Skarv area, we see that
for Lysing Fm., the mean overpressure is 96 +28 bar, thus
the deviation is in the same range as one deviation. We
see the presented methodology as a first step to better un-
derstand and simulated the diagenesis role and influence
on pressure build-ups in shales. With increased lateral
mapping and understanding of the smectite-illite distri-
bution on the shale deposits, more detailed simulations
can be evaluated in the future.

6 | CONCLUSIONS

 In this work we have been able to simulate a shallow
overpressure build-up ramp in shales due to smectite-
illite transition, using a kinetic approach. A permea-
bility correction factor depending on the smectite-illite
content has been introduced, assuming the main effect
on shale permeabilities with a mixture of smectite-illite
around 80% smectite fraction.

« The workflow including smectite-illite transition was
tested in 1D simulations, concluding that heat flow and
potassium content have impact on the smectite-illite
transition. Thus, it was concluded that the potassium
content can be assumed to be constant in warmer ba-
sins. With low heat-rate (1 C/My), the potassium con-
centration should be considered.

« Simulated shale permeabilities are two orders of mag-
nitude higher than measured shale permeabilities
from the lab. The samples measured in the lab are
“end-members” with low permeabilities and no frac-
tures or cracks, while the upscaled permeabilities av-
eraging over hundreds of meters should be higher in
magnitude.

« Permeabilities have been measured using transient
decay methods for shales and different burial depths
from North Sea samples. The measured permeabil-
ities are in range of 2.66:107% to 3.94-10_22m2, and
in the same range as published data from Yang and
Aplin (2007) and Hildenbrand et al. (2004). The XRD
analysis from the shale samples showed high smec-
tite and mixed layer content for all the shallow buried
shales, with low permeability.

« Results from the 3D case study with the smectite-illite
transition included for the shale permeability simulations,
indicate that including these effects can help understand-
ing and predicting the onset of pressure ramps (transition
from hydrostatic to overpressure conditions) as well as
overall pressure distribution within a sedimentary basin.
Work remains for ranking the effect of smectite-illite
transformation with other processes with large uncertain-
ties like e.g. fault transmissibilities, detailed knowledge of
smectite-illite variation laterally and vertically.
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