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The Draupne Formation is the most important source and cap rock for North Sea hydrocarbon plays. It also 
provides the primary seal for potential CO2 storage on the Norwegian Continental Shelf, but it has been 
a concern that in situ fracturing may compromise its sealing capacity on both regional and local scales.  
To evaluate its integrity, mudrocks of the Draupne Formation were cored for mapping and analysis of 
fracture systems in well 16/8–3S. This well was drilled in the Ling Depression of the central North Sea. 
The background permeability of the Draupne Formation ranges between 10-6 and 10-3 mD, making it a 
good caprock for carbon sequestration (CCS). In the 16/8–3S well site, the Draupne Formation is affected 
by four fracture populations. Fracture population FP1 consists of bedding-parallel fractures reflecting a  
mechanical strength anisotropy associated with deposition, and probably exaggerated by the effects of 
diagenetic processes. Fracture population FP2 consists of high-angle pedogenic fractures likely reflecting 
deformation associated with deposition and burial. Fracture population FP3 consists of inclined (35–600) 
fractures decorated by different types of slickenlines, whereas Fracture population FP4 is regarded as 
comprising drilling- and core-handling-induced fractures. The bedding-parallel FP1 population is likely to 
remain closed for fluid conductivity at depth since the stress caused by the overburden likely exceeds the 
fluid pressure at the top reservoir level. The FP2 is lithostratigraphically restricted and stratabound and 
therefore cannot contribute significantly to a three-dimensionally connected network. Potential fluid flow 
is therefore likely to be constrained to the inclined tectonic fracture population (FP3), which is unlikely 
to connect in three dimensions due to its low fracture frequency unless the FP1 population had become 
activated by processes such as unloading. Substantial leakage through the Draupne Formation mudstone 
related to the observed fracture sets is therefore considered unlikely. It is emphasised that injection of CO2 
would require fluid pressure control at the reservoir-caprock interface to avoid opening of existing fracture 
populations, induce (new) or reactivate old fracture systems and thereby corrupting the integrity of the 
seal.

 E-mail corresponding author (Roy H. Gabrielsen): r.h.gabrielsen@geo.uio.no
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Introduction
The Draupne Formation, which is composed mainly of mudstone, is the most important  
source and cap rock for North Sea hydrocarbon systems, and accordingly is of great relevance for the  
assessment of structures for potential storage of CO2 in Triassic–Jurassic sandstone reservoirs in this area  
(Halland et al., 2011; Skurtveit et al., 2015a). Consolidated mudstone and shale have very low hydraulic  
conductivity and are vulnerable to compaction (Bjørlykke, 1998; Mondol et al., 2007; Avseth et al., 2010  
and references therein). It encompasses two principal types of seals: Membrane seals fail where net  
buoyancy pressure exceeds the capillary pressure, and are independent of caprock thickness.  
In contrast, hydraulic seals fail by fracturing before the maximum buoyancy pressure is obtained, 
and are dependent on caprock thickness (Watts, 1987; Caillet, 1993). Dilational fracture systems can,  
however, significantly enhance fluid flow capacity in hydraulic seals (e.g., Sibson, 1990 Dehandschutter 
et al., 2005; Gale et al., 2014; Rutter et al., 2017; Yarushina, 2018), and the mapping of fracture systems 
is therefore crucial in the evaluation of caprock integrity (e.g., Horsrud et al., 1998; Nelson, 2001; Ross 
& Boustin, 2008; Loucks et al., 2009; Skurveit et al., 2012; Gale et al., 2014; Ougier-Simonin et al., 2016). 
It has gained some attention in connection with carbon sequestration (Carbon capture and storage; 
CCS) (Makurat et al., 1992; Luo & Vasseur, 1997; Camac et al., 2009; Halland et al., 2011; Skurtveit et 
al., 2012, 2015b; Yarushima, 2018), in connection with the production of shale gas (e.g., Hill & Nelson, 
2000; Curtis 2002; Ladéveze et al., 2018), and in the containment of radioactive waste (Green, 1988; 
Harrington et al. ,2017). 

Considering their critical influence on seal integrity in geological reservoirs, fractures in mudstone and 
shale have gained little attention. This may be related to the diverse nature of fracture systems and the 
variability of mechanical properties in such lithology, which makes the system difficult to assess (Aplin 
& Larter, 2005; Hermanrud et al., 2005; see also summaries in Boult & Kaldi, 2005; Wood, 2010a,b;  
Warren et al., 2010; Rutter & Mecklenburgh 2017; Gale et al. 2014; Ougier-Simonin et al., 2016). The 
very fine grain-size and variable ductile properties of clays also makes structural studies challenging 
(Means, 1987; van den Berg, 1987; Power & Tullis, 1989; Will & Wilson, 1989; Wilson & Will, 1990; Gale 
et al., 2014). These knowledge gaps motivated coring of the Draupne Formation in well 16/8–3S of the 
Ling Depression at the eastern margin of the Viking Graben of the North Sea (Fig. 1). Well 16/8–3S is 
an exploration well from 2013 targeting the Permian Rotliegendes sandstones. The well was dry and 
permanently abandoned. In the present work, the findings from structural investigations of fracture 
populations and systems on the macro- and micro-scales, and their potential influence on fluid transport 
are discussed. 

The Draupne Formation mudstone
The Draupne Formation of the Viking Group (Vollset & Doré, 1984) in the North Sea is a late 
 Jurassic (Oxfordian–Tithonian; Ryazanian) (Fig. 2), late syn-rift to post-rift low-energy, marine, black,  
(commonly) fissile mudstone. It is equivalent to the Kimmeridge Clay Formation, which is found in 
southern and eastern England and in the British sector of the North Sea (e.g., Barnard & Cooper, 1981; 
Vollset & Doré, 1984; Brown, 1990; Cornford, 2018). The Draupne Formation was deposited in the late 
syn-rift(?) to early post-rift stage of the development of the Viking Graben system during the Oxfordian–
Tithonian (sensu IUGS, 2018) and/or Ryazanian (Deegan & Scull, 1977 Whitbread, 1975; Badley et al., 
1984; Vollset & Doré, 1984; Gabrielsen et al., 1990, 2001; Nøttvedt et al., 1995; Fraser et al., 2003), and 
deposited in a low-energy, marine environment (Barnard & Cooper, 1981). 



2 of 22 3 of 22

R. H. Gabrielsen et. al                                                 Caprock integrity of the Draupne Formation

4°

59°

61°

2° 6°

60°

58°

16/8-3

Deep Cretaceous Basin Platform

Cretaceous High
Pre-Jurassic Basin
in Platform

Paleozoic High in Platform

Shallow Cretaceous Basin
Terraces and Intra-
Basinal Elevations

100 km

Ås
ta 

Gra
be

n
Ling Depression

Stavanger

Platform

Egersund Basin

Ut
sir

a 
Hi

gh

Patch Bank 
    Ridge

Central
Graben

Vi
kin

g 
Gr

ab
en

Moray-FirthBasin

Ea
st

 S
he

tla
nd

Pl
at

fo
rm

Ea
st 

Sh
et

lan
d

Ba
sin

Stord Basin

Jæ
ren High

NORWAY

SeleHigh

15/3-1

30/6-5


Farsund Basin
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Draupne Formation; see text) and wells 15/3–S1 16/8–3S (this study).
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The Draupne Formation mudrock is organic rich, radioactive (commonly more than 100 API units;  
Vollset & Doré. 1984) and is commonly carbonaceous. It locally contains stringers of limestone, siltstone 
and sandstone of assumed turbiditic origin. It is characterised by anomalously low velocity and high  
resistivity and is ubiquitous in the northern North Sea, including the East Shetland Basin, the Viking  
Graben proper and the Horda Platform. It is, however, thinned or absent in some high-standing  
platforms and at the crests of some rotated/uplifted fault blocks (Gabrielsen et al., 2001; Kyrkjebø et al., 
2004). The Draupne Formation mudrock is 163 m thick in the type well (30/6–5) in the Oseberg area, 
increasing to a maximum of 867 m in well 15/3–S1 of the Gudrun Field on a downthrown subplatform 
at the eastern flank of the Viking Graben. 

A three-fold subdivision of the Draupne Formation, based on contrasts in gamma-ray response, is  
possible in some places, and particularly so along the basin margins (Vollset & Doré, 1984). Due to the 
widespread distribution of the formation and the fact that it straddles the syn-rift/post-rift transition 
of the Viking Graben, the Draupne Formation has a diachronous stratigraphical basal contact (Vollset & 
Doré, 1984; Gabrielsen et al., 2001, Kyrkjebø et al., 2004). Conceptual and experimental investigations 
of hydrocarbon leakage, CO2 breakthrough and flow mechanism were performed by Skurtveit et al., 
(2012). They estimated a CO2 breakthrough pressure of 3.5–4.3 MPa and identified micro-fractures as a 
potential flow path in the rock. Flow mechanism and permeabilities in the Draupne mudstone have not 
been widely reported in the literature. However, experimental studies of Draupne Formation mudstone 
from the Troll area found an effective CO2 permeability in the order of 10-6 mD (Skurtveit et al., 2012) 
which is of the same order of magnitude as the brine permeability in the study area, whereas for core 
samples from Ling Depression the permeability is reported in the order of 10-7 mD (10-22 m2) (Skurtveit 
et al. 2015b). Nordgård Bolås et al. (2005) reported typical properties of sealing rock units between 
10-6 and 10-3 mD. In particular it is noted that the background permeability of the Draupne Formation  
mudrocks in the Ling Depression is lower in the Troll area, likely related to deeper burial and compaction.

Core handling and sample selection
One core (Fig. 3) was recovered from the mudstone of the upper Draupne Formation following  
procedures recommended by Gabrielsen (1997) and Hettama et al. (2002). The coring and sampling 
process was closely monitored at all stages to ensure an opening process that prevented damage to 
the core material, Prior to opening, the core was surveyed using a CT-scan, which revealed a generally  
homogeneous texture with some fractures and restricted rubble zones. This part of the  
investigation was supported by use of the gamma-ray log. Thus, the sealed core was opened under  
controlled laboratory conditions and logged at the Norwegian Geotechnical Institute in Oslo. The core 
naturally separated along bedding-parallel fractures into 10–40 cm-long segments. In order to preserve 
mechanical properties and to avoid mineralogical reaction with the air, the cores were placed in tight, 
oil-filled containers and sealed for future study. 

Core inspection from the CT-scan and the gamma log provided the basis for selection of the first 
four core segments to be opened. Following the CT-scanning, four parts of the 16/8–3S core were  
considered for detailed structural/geomechanical analysis. These were Core segment No. 1 (2574.50–
2575.50 m core depth), Core segment No. 2 (2576.50–2577.50 m core depth), Core segment No 8 
(2518.50–2582.50 m core depth) and Core segment No. 9 (2582.50–2583.50 m core depth). The  
uppermost core sections (Core segments No. 1 and 2) were characterised by the lowest gamma-ray 
log values. These cores displayed fractures of varying geometry and with smooth to heavily decorated  
surfaces. The two lowermost sections, (Core segments No. 8 and 9), representing the higher gamma-ray 
log values, showed that Core segments No. 8 and 9 have no structures of tectonic origin beyond a 
few open, bedding-parallel (FP1)-fractures assumed to be associated with unloading and core opening, 
and those were accordingly assumed to be tectonically undisturbed. Cores segments No.1 and 2 were  
therefore selected for fracture studies. 
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1	
Figure 3. Simplified fracture log and photographs of  
selected parts of the cored interval from well 16/8–3S.

Mineralogy and geochemistry of the Draupne  
Formation mudstone 
Thirteen samples from the Draupne Formation mudrock in well 16/8–S3 were selected for  
mineralogical and chemical study including grain-size analysis. Total organic content (TOC) analyses of 
the samples were performed by Applied Petroleum Technology AS by the application of a Leco SC-632  
instrument. Carbonates were removed and carbon dioxide was measured by infrared detection. Mineral  
composition was analysed by use of x-ray diffraction using a Bruker D8 Advance diffractometer.  
Physical and direct mineral identification was performed by use of a JEOL JSM-6460 LV scanning  
electron microscope and samples were inspected under a petrographic microscope coupled with an 
ultraviolet light source for the detection of the fluorescence of organic matter (Ogebule, 2015).

It is well established that the presence of organic material strongly influences the mechanical  
properties of mudstone and shale (e.g., Horsrud et al., 1998; Chang et al., 2006), although the  
relationship between quartz content and TOC remains somewhat obscure (Ougier-Simonin et al., 2016). 
The TOC of the Draupne Formation generally varies between 100 and well above 350 mg HC/g (Keym 
et al., 2006). 
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Optical microscope images taken under ultraviolet light and plane-polarised light (Fig. 4) show  
variable texture including a dominantly platy to fibrous clay matrix. The mineralogical analysis of the cored  
interval of well 16/8-3S shows that the mudstone is composed of quartz, albite, microcline, carbonates 
(calcite, siderite and ankerite), hematite and clay minerals (kaolinite, smectite, illite-smectite, illite and 
chlorite-smectite). The predominant clay mineral is kaolinite with a maximum of approximately 80% and 
a minimum of approximately 60% of the total clay content, whereas illite constitutes 8 to 12%, smectite 
8 to 23%, mixed layer illite-smectite 7 to 15%, mixed layer chlorite-smectite 8 to 14% and chlorite <2% 
of the total. The content of albite, hematite, siderite and chlorite-smectite is particularly high in and 
close to rubble zones in siltstone. Smectite and mixed-layer illite-smectite are concentrated along the 
slickensides. The clay content increases in the rubble zone, whereas it remains constant or is reduced on 
fracture surfaces. Intact shale has a TOC content between 6 and 8%.

Well 16/8-3S drilled the Upper Jurassic Draupne Formation within the Ling Graben in the central North 
Sea (Fig. 1). A core with a diameter of 133 mm was cut at a depth between 2574.5 m and 2583.5 m MD, 
covering the top of the 86 m-thick Draupne Formation. The main objective was to provide high-quality 
core for structural and rock mechanical study to assess the seal integrity for potential future CO2 storage 
sites in the North Sea. 

100 µm 4b) 100 µm 4a) 

100 µm 5a) 100 µm 5b) 

A	 C	

D	B	

1	Figure 4. Photomicrographs of the Draupne Formation mudstone in Well 16/8–3S. Sample depth is 2582.50. Sections 
were cut both perpendicular (A, C) and parallel (B, D) to bedding. The sections are shown in ultraviolet light (A, B) and 
plane- polarised light (C, D). Pale blue grains represent organic matter. Scale bar = 100 μm.
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Fracture description
Fracture frequency, fracture orientation, morphology and decoration of fracture surfaces (strain  
markers) were applied in the fracture description and classification. Altogether four fracture  
populations (FP1-FP4) were identified. It is clear that the Draupne Formation core in well 16/8– shows 
a bulk fracture frequency of 6.5 fractures per cored metre, which is considered moderate, and is  
affected by fracturing to a very limited degree, but still includes four fracture populations. The bulk 
fracture frequency is very modest (6.5 fractures per cored metre, including the fracture populations 
FP1-FP3).

Fracture Population FP1 consists of bedding-parallel fractures, similar to those described in the  
Draupne Formation mudrocks in the Troll East area of the northern part of the North Sea (Skurtveit et 
al., 2012). The average fracture frequency (Ff) for the FP1 population is 5.25 fractures/m. FP1 fracture 
surfaces are generally very smooth, and in places exhibit a bright lustre (Fig. 5A, B). Secondary drying 
cracks appeared on some FP1 surfaces within minutes after opening of the core in some cases (Fig. 
5C). FP1 fractures with flaky surfaces are occasionally seen (Fig. 5D). The flakes are seen at the macro- 
scale (mm- to cm-scale) as well as on the submicroscopic (200–500 μm) scale. The flakes are generally  
elliptical to sub-circular in shape and commonly exhibit irregular edges (Fig. 5E, F).

The FP1 fracture population has the characteristics of Mode I-fractures, as they display no  
indications of bedding-parallel slip. Rock-mechanical experiments (Skurtveit et al., 2015a) confirm that the  
bedding represents the weakest surfaces in the sediments in that indirect measurements give a tensile 
strength of 0.1–1.5 MPa for bedding-parallel failure. We suggest that the FP1 fractures reflect primary  
depositional surfaces that became consolidated during compaction and diagenesis. They become  
activated by release of the vertical stress during unloading. The mechanical weakness of these planes is 
also evident from fractures commonly opening during thin-section preparation in this study.

Fracture Population FP2 occurs only in a c. 25 cm-thick siltstone layer at the top of Core segment No.1 
This siltstone has previously been considered to belong to the Åsgård Formation situated on top of the 

Fracture	Popula-on	FP1	(S0)	

A	 b	 C	

D	

d	

e	

B	

f	

1	

E	 F	

Figure 5. Examples of fractures belonging to fracture population FP1; Dull (A) and lustrous (B) bedding-parallel fractures, 
(C) FP1 plane with drying cracks that generated after core opening, (D) SEM image of FP1 plane with a smooth texture, 
(E, F) Photo and SEM-image of FP1 surface showing a flaky texture. The straight abrasional scar in the central part of 
figure (F) was probably produced during the core handling. Scale bars (lower right) on SEM-micrographs are 300 μm.

Fracture Popula-on FP1 (S0)
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Draupne Formation (Skurtveit et al., 2015a), but more likely represents an intra-Draupne Formation 
siltstone bed associated with transgression-regression cycles or part of a turbidite sequence (Rawson & 
Riley, 1982 Vollset & Doré, 1984).

The FP2 fractures are intraformational, i,e., they are exclusively restricted to the siltstone bed and  
preserved as a rubble zone which forms a collapsed three-dimensional fracture network (Fig. 6A). 
The fracture population encompasses fractures with planar to irregular geometries. These fractures  
restrict rock fragments of variable geometry and size (Fig. 6B). The fractures are classified as Mode  
I-type and are dominantly oriented at a high angle to bedding, although some less steep fractures do  
occur. The FP2 fractures are likely of pedogenic origin, and were likely influenced by biogenic activity such as  
burrowing (e.g., Maltman, 1981; Gabrielsen & Aarland, 1990, Gray & Nickelsen, 1989; Gale et al., 2014). 
The morphology of the fragments, however, is different from lozenge-shaped fragments which are more 
typical of pedogenic and hydroplastic deformation (Petit, 1987; Gray & Nickelsen, 1989; Gabrielsen 
& Aarland, 1990; Dehandschutter et al., 2005). Although the majority of the FP2 fractures are now 
open, the fracture walls reveal that most of them have been filled with carbonate and are surrounded 
by a dark reddish-brown halo of oxidised country rock (Fig. 6A). This suggests that they were flushed 
by an oxidising fluid phase (gas or liquid), which has dissolved the carbonate The FP2 fractures were  
mineralised in situ, possibly in association with compaction and syncompactional water escape.  

 

Fracture  population  FP2

 

A 

b c 

b 

B 

Figure 6. (A) FP2 fractures with carbonate fracture fill. Also note oxidised haloes along fractures. This fracture  
population is only found intraformationally in siltstone stringers in the upper part of the Draupne Formation. (B) Rubble 
zone in siltstone layer, which was probably generated by drilling-induced collapse of the FP2 fracture system.

Fracture population FP2
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Faint slickenside lineations are found on some siltstone fragments, but these are considered to be drilling- 
induced. The fracture system was likely opened during drilling and/or core handling. These structures 
were therefore not given any further attention in this study. 

Fracture Population FP3 consists of inclined, planar to sub-planar, slickensided fractures with 
dip angles between 35° and 60° and with an average Ff of 1.5 fractures/m. The FP3 fractures are  
characterised by composite planar to slightly undulating surfaces. Some fractures are  
morphologically composite, including parts of glossy (in places very lustrous) appearance (Fig. 7A–i, B), 
alternating with segments with a more irregular geometry (Fig. 7A–ii) and hackle marks (e.g., Angelier, 
1994 Fig. 7A–iii). They are penetrative on the scale of the core and in places form arrays of (sub)-parallel  
fractures constituting splays or splay swarms, which define cm-scale lenses, the striated  
surfaces commonly interfering with more steeply dipping surfaces which show a similar morphological  
character. These intersections define scoop-shaped surfaces and centimetre-scale lozenge-shaped  
bodies (Fig. 7A–iv) The scoop-shaped surfaces have a lustrous appearance but may still be covered by 
very tightly nested slickenlines (Means, 1987; Toy et al., 2017). The largest lens-shaped body displays 
an a-axis of 6 cm, b-axis of 14 cm and c-axis of 3 cm (for definition of axes in lenses, see Lindanger et 
al., 2007 Gabrielsen et al., 2017). No correlatable marker beds are affected by the FP3 fractures and 
therefore it is not possible to determine their offsets. 

The FP3 fractures are commonly decorated by a dip-parallel slickenside lineation. Transverse steps 
and comb marks (Hancock & Barka, 1987) are developed on some, but not all, SP3 surfaces (Fig. 
7A–iii, C). Horizontal and oblique lineations also occur but less frequently (Fig. 7C), suggesting a  
composite development. The slickenside lineations are characteristic of the ‘tectonic tool-mark’ or 
abrasional type (e.g., Angelier, 1994 Toy et al., 2017) and occur on the walls of separate mm-thick 
lamellae likely representing primary local strain features rather than rotational reorientation of one 
lineation population as described by Twiss et al., (1991). 

A	

b	

c	

E	

i	

ii	

ii	

iii	 iv	

B	iv	

Fracture	
popula2on	FP3	

C	

D	
Figure 7. Inclined composite slickenside of fracture population FP3. Note the tendency to form clustered families  
(arrays) of (sub)-parallel fractures with different morphologies: (A) composite fracture FP3 with areas of contrasting 
morphology emphasised. (i) smooth mirror area, (ii) irregular mirror area, (iii) abrasion steps and (iv) lens-shaped 
morphology. (B) Irregular mirror surface seen by oblique illumination emphasising its smooth lustrous property. (C) SEM 
imagery of abrasion step. Scale bar = 100 μm. (D) Horizontal nested slickenlines on irregular FP3 surface. (E) FP3 surface 
with spike-shaped calcite slickenfibres.
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However, some slickenlines are characterised by a moderate topology and are interpreted to be 
of the nested type (Means, 1987; Will & Wilson, 1989; Wilson & Wil, 1990; Power & Tullis, 1989).  
Although these slickenlines can be distinguished on some of the FP3 surfaces, they require the use of a  
scanning electron microscope (see below). 

Finally, some fracture surfaces are decorated by horizontal calcite-slickenfibres (Kirkpatrick &  
Brodsky, 2014; Toy et al., 2017) (Fig. 7E), which show spike shapes (Will and Wilson, 1989). These can be  
interpreted as mineral steps related to dip-slip displacement (Angelier, 1994), but their spike shape 
may rather indicate that localised strike-slip displacement has contributed to this deformation (Will & 
Wilson, 1989). 

The slickenlines on the FP3 fractures can generally be defined visually, but only characterised with  
confidence using the electron microscope, which can display contrasting morphologies in the  
presence of striations, slickenlines and slickenfibres (sensu Toy et al., 2017; Fig. 7). Images from the 
electron microscope show that the slickenlines are subdivided into morphological families each  
including subsets characterised by slightly divergent orientations (deviations of plunge directions by 5° 
to 15°; Fig. 8A) 

The slickenside lineations identified in this study are of the abration type (e.g., Hancock & Barka, 1987; 
Angelier, 1994 Renard et al., 2012; Toy et al., 2017). Examples where C’-plane truncations and the  
remnant asperitiy fragments (mainly quartz grains) (Will & Wilson, 1989) are preserved and  
located at the end points of individual slickenside lineations are common (Fig. 8B). Transverse structures  

 
 

 
Fig. 4 Photo of glossy shear fracture surface from core section 
1 dominated by horizontal lineations. Diameter of core is 133 
mm. 
 

 
Fig. 5 Observed lineation families on the shear fracture 
surface of sample from core section 1C. The lines are drawn 
along the observed greyish tones, which are coarser silt 
materials. Adjacent to both sides of each line are much finer 
grained materials 
 
Table 1 Standard index tests parameters. 

Depth Sample ID Water 
content

Grain 
density

Salt content 
in pore fluid

(m) (%) (g/cm3) (g NaCl/l)

2575.38 1Dtop 6.40 2.51 40

2582.5 9Atop 6.86 2.47 37  
 

Table 2 Pore characteristics from BET determination of 
external specific surface area and mercury intrusion 
porosimetry (MIP). 

Depth Sample ID
Cation 

Exchange 
Capacity

Specific 
Surface 

Area

Critical pore 
throat Porosity

(m) (Meq/100g) (m2/g) (nm) (%)

2575.38 1Dtopp 24 11 9 12.5

2582.5 9Atopp 23 11 9 6.5  
 

 
Fig. 6 Pore size distribution and interpretation of critical pore 
throat based on MIP. 
 

3.2. Permeability 
Steady state permeability measurements (Table 3), 
documents a low-permeable shale with permeability in 
the range of 1-6x10-7mD. The permeability 
perpendicular to bedding is rather similar for both cores, 
and permeability parallel with bedding is 3 and 4.5 times 
higher for section 1 and 9 respectively.   
Table 3 Steady state permeability parallel and perpendicular to 
bedding direction 

Plug ID
Orientation 
relative to 
bedding

Confining 
pressure

Max Pore 
pressure 

Min Pore 
pressure

Average 
Effective 

stress 
Permeability 

(MPa) (MPa)  (MPa) (MPa) (mD)
9Atop Perpendicular 53 37 23 23 1.4E-7
9Atop Parallel 53 34 26 23 6.3E-7
1Dtop Perpendicular 53 38 22 23 1.2E-7
1Dtop Parallel 53 34 26 23 3.2E-7  

 

3.3. Mineralogy, TOC and SEM imaging 
A plot of bulk and clay mineralogy with relative depth in 
Fig. 7 shows that the rubble zone contains higher levels 
of carbonates, including both calcite and siderite, than 
the fracture surface and the unfractured intervals of the 
core. Total clay content increases downward from the 
rubble zone to the intact core zone. Analysis of the clay 

A	 B

C	 D	

i	

i
i	

Figure 8. SEM-imagery of slickenside lineations of FP3. (A) Families of nested dip-slip slickenlines on flakes that comprise 
‘polished’ FP3 fractures (‘i’ in Figure 7). Note divergent slickenline orientation at different flake surfaces. Scale bar is 
50 μm. (B) Abrasion slickenside striation remnant with asperity fragments associated with the striae (i: mainly quartz 
grains) and micro-C’-plane step (ii: white transverse structure). Displacement vector indicated by arrow. Scale bar is 60  
μm. (C) Tightly spaced lineations on undulating ‘polished’ surface (i in Figure 7). The wavelengths of the slickenlines are 
15–16 μm. Scale bar in lower right is 30 μm. (D) Sub-families of cross-cutting nested striations on a planar slickenside. 
Scale bar is 1 mm.
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(Hancock & Barka, 1987) also occur in association with these slickenside lineations (Figs. 7B–iv & 8B). 
These are accordingly of the same type as described from the mudrocks of the Fuglen and Hekkingen 
formations of the Barents Sea (Gabrielsen & Kløvjan, 1997). 

Other slickenside lineations display contrasting mineralogical compositions between ridges (calcite- 
dominated; Fig. 7E) and depressions (illite-smectite-dominated), alignment of clay particles, more  
rounded ridges and smaller dimensions (wavelengths of c. 14 μm; Fig. 8C), perhaps generated by  
expansion and contraction (Gray & Nickelsen, 1989), plastic yielding and strain alignment (Means, 1987; 
Will & Wilson, 1989; Wilson & Will, 1990; Power & Tullis, 1989). Such processes can produce slickenside 
lineations of the ‘ridge-in-groove’ type (Means, 1987) that exceed the amount of fault displacement 
(Will & Nelson, 1989). They are usually affiliated with thin shaly flakes and in places display subfamilies 
with divergent orientations (Fig. 8D). No transport direction can be determined for these structures, 
and it is questionable whether they are associated with shear at all (see Díscussion below).

Fracture Population FP4. Sets of fractures with contrasting attitude that are interpreted as the  
consequence of drilling and core handling were identified, using the criteria of Arthur et al., 1980;  
Casey Moore et al., 1986; Brudy & Zoback, 1999 and Tingay et al., 2008). These are here grouped 
under fracture population FP4. Fracture Population FP4 typically exhibits a conical geometry with the 
centre of rotation situated in the middle of the core. The FP4 fractures are Mode III structures and are  
characterised by a concentric pattern of lineations, which suggests a syn-drilling, torsional origin 
for these structures (e.g., Carson et al., 1982). Given this interpretation, this fracture population is  
irrelevant for caprock leakage and is given no further attention in this study. 

Discussion: The sealing capacity of the Draupne  
Formation mudrock
The Draupne Formation is the principal source rock and stratigraphic seal for hydrocarbon traps 
in the North Sea (e.g., Glennie, 1984; Brekke et al., 2001; Kubala et al., 2003; Keym et al., 2006;  
Cornford, 2018) and thereby also a potential seal for future CO2 storage (Halland et al., 2011). The Draupne  
Formation mudrocks are of good caprock quality with matrix permeabilities between 10-6 and 10-3 
mD. The natural fracture (in situ) frequency is low to moderate with a bulk Ff of approximately 6.5  
(fractures per metre), of which the bedding-parallel fracture population FP1 is the dominant element 
with a Ff-value of 5.25. To the extent that the deformation in Well 16/8–3S is representative for the 
lithological succession, the Draupne Formation mudrocks can therefore be regarded as an excellent 
caprock for CSS purposes.

The Ling Depression (Brekke et al., 2001; Heeremans & Faleide, 2004) is a part of the North Sea  
basin system, but defines a less common structural trend of this system in that its basin axis strikes 
NE–SW. It is flanked by the Utsira and Sele highs to the northwest and southeast, respectively, and is  
dominated by NE–SW-striking internal and marginal normal faults. The depression is possibly associated  
with reactivation of the Hardangerfjord shear zone – Midland Valley system and coincides with the  
northern limit of the Upper Permian salt basins in the area. It is intersected by N–S-striking  
Mesozoic faults. Although the interior Ling Depression is affected by a number of rotated fault blocks  
(Heeremans & Faleide, 2004; Khan, 2013), the Jurassic–Cretaceous sequence in the Well 16/8–3S area 
is not affected by faults that are detectable on the scale of resolution of available reflection seismic 
data. The fractures observed in the Draupne Formation in the 16/8–3S core are therefore not likely 
associated with any particular macro-scale fault. 
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The development of the fracture systems in Well 16/8–3S can also provide information on the  
burial/uplift history in this part of the Ling Depression. The development of the FP1-fractures was  
influenced by the primary mineral composition and texture (preferred orientation of platy minerals),  
which introduced a mechanically defined bedding-parallel inhomogeneity. This mechanical  
inhomogeneity became exaggerated during diagenesis and generated the mechanically weakest parts 
of the mudstone. It is therefore concluded that the FP1 population represents a combined primary  
(sedimentary) and secondary (diagenetic) property of the Draupne Formation. Neither the FP1 nor 
 the FP2 fracture populations are associated with enhanced permeability at the present lithostatic  
pressure and therefore do not contribute significantly to the in situ permeability. The morphological  
variability ofthe FP1 population fractures probably reflect subtle contrasts in primary characteristics  
such as depositional processes, mineral composition and diagenesis (Maltman, 1981; Kisch 1991; Thyberg 
et al., 2009; Thyberg & Jahren, 2011). These primary characteristics may influence the distribution of larger  
mineral grains (quartz) and microfractures that generate stress concentrations on the micro-scale (Gale 
et al., 2014; Ogier-Simonin et al., 2016; Rutter & Meckelburgh, 2017). This is likely to stimulate fracture  
initiation during the unloading of the core. The measured tensile strength is low (Skurtveit et al., 2015a) 
and indicates that the vertical load on the FP1 fractures (σv) controls the fracture formation. At the core 
depth of 2500 m, the least principal stress will be horizontal. There are, however, no indications that 
the FP1 fractures are open in situ. It is therefore concluded that the FP1 fractures represent dormant 
structural features associated with burial, uplift and diagenesis, and that the fractures were activated or 
reactivated during drilling, unloading and core handling. 

The FP1 fracture population can only support horizontal CO2-flow and would only generate efficient 
leakage of CO2 in cases where it interferes with fractures of the FP3 population (Fig. 9).

Siltstone stringers are common in the Draupne Formation (e.g., Brown, 1990; Cornford, 2018) and 
such strata are found at the top of core segment 1 in well 16/8–3S and are the coarsest and most  
brittle units in the cored sequence. The siltstone hosts the FP2 fracture population that likely represents  
synsedimentary and compactional deformation. The FP2 fractures were flushed by an active agent that 
oxidised the fracture walls in an early diagenetic stage, possibly in connection with water-escape. This 
fracture population, which is exclusive to the siltstone stringers, remained intraformational, and did not 
affect the mudstone sequence above or below the siltstone (Fig. 9). The influence of the FP2 population 
on fluid communication is therefore negligible, but its influence may be greater in the more silty parts 
of the Draupne Formation.

Figure 9. Schematic diagram showing  
relationship between lithostratigraphy, 
fracture populations and potential fluid 
flow. Filled black circles indicate dead ends 
for flow of CO2. Note that there is no fluid 
communication route beyond the lower part 
of the cap rock.
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Though not dateable, it is reasonable to assume that the inclined FP3 fracture population, polished or 
slickenside lineation-decorated, fracture surfaces was initiated during burial and maximum(?) loading 
of the Draupne Formation during compaction. The fracturing was accompanied by moderate shearing 
and the development of conjugate fracture sets with incipient nested (ridge-and-groove) slickenlines 
(Means, 1987; Will & Wilson, 1989; Wilson & Will, 1990; Toy et al., 2017). The core studied herein 
was taken from a depth of 2574.5–2583.5 m. The maximum burial depth of this core was <3000 m, 
which was followed by modest uplift (<100 m; Baig et al., 2019). Extrapolating geothermal gradients 
from Block 17 (Kalani et al., 2015) and ongoing regional studies (Baig et al., 2019) suggest a thermal 
gradient of 30–35°C/km for the study area. This in turn suggests a temperature at maximal burial of 
approximately 100°C, which indicates the occurrence of chemical compaction which normally occurs at 
temperatures >70–80°C (Bjørlykke & Høeg, 1997; Bjørlykke, 1999). It is therefore assumed that slicken-
sides were generated by shear at maximum burial by a stress of approximately 70 MPa (σvmax = ρghmax = 
2.40 kg/m3 * 9.81 km/s2 * 3 * 103 m) and temperatures of c. 100°C. By continued moderate shear along 
the fractures, scoop-shaped structures and lenses were generated and followed by the development 
of transport-parallel (abrational) striations (sensu Toy et al., 2017). The structures converged towards 
smooth fracture planes (‘mirror planes’; Petit, 1987; Power & Tullis, 1989 and Kirkpatrick & Brodsky, 
2014), on segments of which different types of slickenside lineations were preserved. The FP4 fracture 
population developed from the effect of drilling and core handling and has accordingly no effect on fluid 
communication in the Draupne Formation (in situ) caprock. 

The structural history of the Draupne Formation, as demonstrated by our analyses of the 16/8–3S 
core, can therefore be summarised as follows (Fig. 10):

Figure 10. Schematical burial-uplift curve for the Draupne Formation in well 16/8–3S and estimated initiation of  
fracture populations in the depth/temperature-time space. Red part of the curve illustrates geological burial-uplift, 
yellow part of the curve indicates ‘artificial’ uplift of core following drilling. The diagram is not to scale.

Fracturing	
and	
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1) The deposition of the mud-dominated Draupne Formation and its immediate burial and loading   
were associated with the development of bedding-parallel fractures due to depositional processes,  
compaction and rotation of platy minerals into parallelism with bedding. These surfaces served as 
(cohesive) planes of weakness (FP1) during further burial and unloading

2) Burial and compaction and associated water-escape structures and diagenesis led to incipient  
fracturing (FP2) and fluid-assisted oxidation of brittle sediments (siltstone).

3) Continued burial was associated with the development of inclined fractures (FP3) in the  
mudstone, providing a background fracture system, which developed mirror planes and/or slickenside 
lineations. FP3 fractures may be contemporaneous with post-rift extension-related subsidence of the 
Viking Graben. 

4) Stress release took place during regional uplift.

5) FP4-fracturing occurred during drilling and core handling.

Conclusions
The 16/8–3S core was acquired specifically for the assessment of the caprock integrity of the  
Draupne Formation. Mudrocks have generally poor primary diffusion properties and the Draupne  
Formation mudrock falls well inside the typical permeability interval for mudrocks of 10-6 to 10-3 mD  
(10-21 to 10-18 m2). Even so, petroleum commonly migrates vertically through large thicknesses of  
fine-grained sediments by diffusion, commonly supported by 3D-interconnected fracture systems (e.g., 
Aplin & Larter, 2005) and micro-fractures. Previous experiments suggest that both micro-fractures 
and capillary effects contribute to the build-up of critical pressure for seal integrity, resulting in the  
formation of channels of enhanced fluid communication, perhaps during formation of micro-cracks 
(Skurtveit et al., 2012; Harrington et al., 2017). Thre are no indications, however, in the study area that 
suggest linkage between the observed fracture system and the damage zone of a macroscopic fault. The 
observed fractures are therefore parts of a background fracture network (Odling et al., 1999; Schueller 
et al., 2012; Gabrielsen & Braathen, 2014), in which burial and uplift have been the driving mechanisms. 
The bulk fracture frequency is very modest and not sufficient to generate a connected 3D network that 
could efficiently support any fluid transport. 

This study has shown that the mudstones of the Draupne Formation have suffered a very limited  
deformation, so that bedding-parallel fractures (FP1 population) are the most common fractures in the 
investigated cores (Ff ≈ 5.25). The FP1 fractures have resulted from small compositional/mineralogical 
contrasts, accumulation of flaky minerals and diagenesis. Also, the incipient flaky quartz fabric was likely 
formed during early diagenesis (Maltman, 1981; Kisch, 1991; Thyberg & Jahren, 2011). These processes 
create mechanically weak surfaces along the bedding planes, that are vulnerable to opening by Mode I 
fracturing when subjected to moderate horizontal (compressional) stress or unloading. They are thereby 
likely sites for the accumulation of micro-fractures (Power & Tullis, 1989; Will & Wilson, 1989, Wilson 
& Will, 1990; Kalani et al., 2015; Rutter & Mecklenburgh, 2017) that can potentially enhance horizontal 
fluid communication. 

In conclusion, we have shown that the Draupne Formation mudrock provides an excellent seal for 
CO2-storage in areas where its thickness exceeds the critical thickness (Halland et al., 2011). Fracture 
analysis in the Ling Depression demonstrated that the Draupne Formation has been subjected to only 
moderate brittle deformation and that its sealing capacity is not compromised by fracturing. Fracturing 
may, however, be more critical in areas with a varying burial/uplift histories and in the vicinity of major 
faults.
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