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A B S T R A C T   

Our analysis of a comprehensive well log database and complementary mineralogical and geochemical infor
mation indicates that the risk for Upper Jurassic shales on the Norwegian Continental Shelf (NCS) to permit 
severe leakage of hydrocarbons from the reservoir is generally low, even in the case of substantial uplift. The 
content of brittle minerals, organic content, and compaction are dominant factors that explain the observed 
discrepancies in acoustic properties of organic-rich caprock shales. In particular, variations in silt-clay content in 
clay-dominated shales are found to primarily influence sonic velocity and to correlate closely with gamma-ray 
where the uranium contribution is limited (“grey shales”). Changes in organic content exhibit a stronger 
density-component and are seen to counteract or mask the compaction effect on velocity and density in Kim
meridgian black shales. The Hekkingen, Draupne and Tau formations are distinctly different from the underlying 
grey shale formations in acoustic properties, despite that the latter group also contains significant amounts of 
organic matter. Based on the low permeability and high capillary sealing capacity of clay-dominated shales, we 
conclude that even for a silty seal, migration through the caprock matrix is highly unlikely. Furthermore, tectonic 
fracturing is an ineffective leakage mechanism when the seal is poorly consolidated/cemented prior to uplift. 
Brittleness, related to both mineralogical composition and consolidation, is consequently a crucial parameter for 
predicting seal integrity in exhumed basins. Our rock physics framework and interpretations relate this rather 
qualitative parameter to acoustic properties, and thus, to seismic data.   

1. Introduction 

A functioning caprock is one of the three vital components conven
tionally defining a play within the context of an operating petroleum 
system. Petroleum accumulations form when the hydrocarbon influx 
into a trap is greater than the outflow, a balance managed by hydro
carbon generation, migration, and caprock sealing capability. Leakage 
may occur through the caprock matrix if the permeability is sufficiently 
high, or by tectonic and/or overpressure-driven fracturing (Ingram 
et al., 1997; Bjørlykke, 2015). Downey (1984) summarized the impor
tance of top seal integrity and highlighted the strong transmissive 
abilities of (open) fractures. Furthermore, when considering reservoirs 
and seals for CO2 sequestration, the difference between a caprock that 
will retain gas/CO2 and one that is only capable of trapping oil is of 
absolute importance. 

The most prolific plays on the Norwegian Continental Shelf (NCS; 

Fig. 1a) rely on Jurassic reservoirs and equivalent age source rock and 
caprock formations (Hansen et al., 2019, 2020; NPD, 2019). The Nor
wegian Petroleum Directorate (NPD) states that the presence of a 
caprock with sufficient sealing capacity, coupled with Cenozoic uplift 
and associated erosion, gas expansion and possible fault reactivation, 
are critical factors for the Jurassic plays in the Barents Sea (Fig. 1b). 
Similarly, in the North Sea (Fig. 1c), Jurassic reservoirs and plays rely on 
the time-equivalent formations for primary seals as in the Barents Sea. 
An additional, more restricting consideration for the North Sea region is 
the limited and localized source rock maturation due to shallow burial in 
regions close to the present-day Norwegian mainland. A functioning 
caprock with minimal leakage could consequently be essential to 
compensate for small generated and expelled hydrocarbon volumes, as 
late Cenozoic uplift is considered to have de-activated the petroleum 
system relatively quickly after the onset of oil generation (Ritter, 1988; 
Hermanrud et al., 1990). 

* Corresponding author. 
E-mail address: j.a.hansen@geo.uio.no (J.A. Hansen).  

Contents lists available at ScienceDirect 

Marine and Petroleum Geology 

journal homepage: www.elsevier.com/locate/marpetgeo 

https://doi.org/10.1016/j.marpetgeo.2020.104603 
Received 31 January 2020; Received in revised form 7 June 2020; Accepted 16 July 2020   

mailto:j.a.hansen@geo.uio.no
www.sciencedirect.com/science/journal/02648172
https://www.elsevier.com/locate/marpetgeo
https://doi.org/10.1016/j.marpetgeo.2020.104603
https://doi.org/10.1016/j.marpetgeo.2020.104603
https://doi.org/10.1016/j.marpetgeo.2020.104603
http://crossmark.crossref.org/dialog/?doi=10.1016/j.marpetgeo.2020.104603&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Marine and Petroleum Geology 121 (2020) 104603

2

Our study is motivated by multiple dry wells and technical discov
eries in recent years, particularly in the substantially uplifted Barents 
Sea region, but also by several cases of minor gas or oil shows encoun
tered in the North Sea. Understanding if the hydraulic and capillary 
integrity of the caprock (as top seal) has been of importance for dry 
prospects will be of help in future exploration efforts. Furthermore, 
ultra-shallow discoveries with thin overburden shale sequences, such as 
the Wisting discovery in the Barents Sea (Hoop area, Fig. 1b), particu
larly instigate a greater focus on top seal capacity, fracture potential, 
and exhumation effects. The primary objective of the study is to inves
tigate the elastic properties and related sealing efficiency of important 

caprock formations on the NCS. In particular, the effects of mineralog
ical composition, clay-silt-sand proportions and organic content, all 
related to depositional setting, are investigated at relevant maximum 
burial and net exhumation, i.e., consolidation states. We utilize petro
physical well log data and rock physics crossplots to compare a wide 
variety of caprock formations within and across the studied regions. 
Supplemental information is gathered from XRD (mineralogical) ana
lyses, geochemical analyses, composite logs, completion reports, and 
seismic data. 

Fig. 1. (a) Structural elements and main faults on the Norwegian Continental Shelf (NCS), and associated timing of rift phases (modified from Faleide et al., 2015). 
South-western Barents Sea (b) and Central-Northern North Sea (c) overview maps outline structural elements, hydrocarbon fields and discoveries, and wells included 
in the current study annotated by prospect or field name (adapted from NPD, 2019 FactMaps). 
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2. Geological setting and lithostratigraphy 

Multiple rift episodes preceding continental breakup in the NE 
Atlantic have largely shaped the structural configuration of all three 
primary provinces of the NCS (Fig. 1a; e.g., Faleide, et al., 2008, 2015). 
Both the Barents Sea (Fig. 1b) and the North Sea (Fig. 1c) thus share a 
series of structural and depositional traits, yet there are many differ
ences, mainly related to the Cretaceous-Cenozoic burial history and 
exhumation. The Early Cretaceous was dominated by NW-SE oriented 
rifting, followed by rapid subsidence, siliciclastic deposition, infill and 
draping of the rift topography. Whereas regional transgression and 
deposition of thick carbonate sequences characterize the Late Creta
ceous in the North Sea, time-equivalent marine deposits on the Barents 
Shelf are highly condensed due to uplift, erosion, and/or nondeposition 
in large areas. Cenozoic uplift and erosion affected both the eastern part 
of the central and northern North Sea and the entire Barents Sea areas. 
However, the latter has experienced multiple episodes, and an overall 
higher amount of net erosion, with estimates around 1–1.2 km in the 
Goliat field area and ~2 km in the Hoop area (Fig. 1b; Henriksen et al., 
2011; Baig et al., 2016). The Central North Sea net uplift estimates range 
from zero to around 0.7 km from the eastern flank of the Viking Graben 
towards the Stavanger Platform closer to the present mainland (Hansen 
et al., 2017; Baig et al., 2019). 

Fluvial, coastal plain and deltaic deposits to shallow marine sandy 
facies characterize the Upper Triassic-Middle Jurassic formations, which 
are the most important and frequent target reservoirs in hydrocarbon 
fields and discoveries on the NCS (Fig. 2; Vollset and Dor�e, 1984; Dal
land et al., 1988; NPD, 2019). The Upper Jurassic–lowermost Creta
ceous Hekkingen, Draupne and Tau formations (Fig. 2) are 

time-equivalent to the UK Kimmeridge Clay Formation and predomi
nantly consist of organic- and clay-rich black claystone. The underlying 
Fuglen, Heather and Egersund formations (Fig. 2) are characterized by 
dark-to-light grey shales with more variable and overall lower organic 
content (Vollset and Dor�e, 1984; Dalland et al., 1988; Hansen et al., 
2019). The shale formations act as both source rocks and caprocks for 
the underlying reservoir sandstones. Other than hydrocarbon migration 
from deeper sections into shallower, predominantly structural traps, 
there are cases of locally sourced stratigraphic traps such as 
intra-Draupne and intra-Heather formation sandstones (e.g., 15/3-1S 
Gudrun and 35/9-7 Skarfjell). 

Although the examined Upper Jurassic shale formations represent 
distinct units, they all relate to deposition in marine environments 
following widespread rifting and transgression, reflected by a preva
lence of fine-grained material (siliciclastic mud, silt, and occasionally 
carbonate). Thicknesses and lithology can vary greatly between basin 
axis and margin. One of the main differences between the older (Eger
sund, Heather and Fuglen) and younger (Tau, Draupne and Hekkingen) 
shale formations is the amount and quality of organic matter (terrestrial 
versus marine) that was deposited and preserved. Similarly, the timing, 
distribution and development of each formation are not exactly the same 
across the different areas. Generally, the highly radioactive Tau, 
Draupne and Hekkingen formations are best characterized by deposition 
in restricted marine environments, with high organic productivity, low 
circulation and anoxic conditions due to uneven topography following 
the tectonic movements (Dor�e et al., 1985; NPD, 2019). There are sub
stantial internal variations in organic content and gamma-ray intensity, 
which typically increase upwards in the North Sea formations and 
downwards in the Hekkingen Formation in the Barents Sea. Such 

Fig. 2. Lithostratigraphic correlation between roughly age-equivalent formations of the Norwegian North Sea (example wells 17/12–4 in the Norwegian-Danish 
Basin and 15/12–21 in proximity of the Southern Viking Graben) and the southwestern Barents Sea (represented by well 7122/7–3 in the Goliat field area 
within the Troms-Finnmark Fault Complex). The gamma-ray (GR) logs have the same vertical scale, and are referenced to the Upper Jurassic formation boundary 
assigned to the base Kimmeridgian (marked by the red line). Despite the vast distance between the two provinces, we note a characteristic gamma-ray response in the 
Upper Jurassic shale formations compared to underlying and overlying sequences. Nomenclature after Vollset and Dor�e (1984), Dalland et al. (1988) and NPD 
(2019). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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internal variation is the reason for subdividing the Hekkingen Formation 
into two members identified in certain wells, namely Alge (lower, most 
organic-rich, black paper shale) and Krill (upper, brownish-grey to dark 
grey shale). In the earlier rift stage, less prevalent tectonic barriers and 
consequently more open, but still low-energy marine conditions 
describe the depositional setting of the Egersund, Heather and Fuglen 
formations (NPD, 2019). 

3. Database and methods 

Key information on exploration wells used in this study is summa
rized in Table 1. All wells contain a standard petrophysical suite of high- 
quality logs, including logged VS data in all wells except 7122/7–1 and 
9/2–1. The petrophysical well log data were subjected to thorough QC, 
including removal of spikes and borehole-related artefacts, marking 
carbonate stringers, and finally used to define representative zones 
within each well and formation. Seven samples from cores and cuttings 
were subjected to bulk XRD analysis as a supplement to published data. 
A high quality, multi-azimuth prestack 3D seismic dataset has been 
utilized for studying the Goliat field. This dataset was acquired to better 

illuminate the faulted and complex Goliat reservoir compartments (see 
Buia et al., 2010; Yenwongfai et al., 2017, 2018 for further details). The 
mineralogical composition of core samples and cuttings was analyzed in 
order to justify a comparison between different shale formations 
deposited in two separate areas of the NCS. Thin sections were prepared 
from samples to observe the microscale texture and fabric in different 
levels of the shale and sandstone formations encountered in well 
15/12–21 (2905 m, 2929 m, 3030 m and 3057 m). Following QC of 
wireline logs, shale volume, velocities and other derived elastic prop
erties (AI, VP/VS, Poisson’s ratio, Young’s modulus, Lambda-Mu-Rho 
[LMR]) were calculated and used to compare a wide variety of Upper 
Jurassic caprock sections in the North Sea and Barents Sea. For clarity, 
examples presented in this paper are only expressed in crossplots of VP 
versus density, or AI versus VP/VS. The seismic dataset was used to 
understand the geometry and structure of the Goliat field, identify 
amplitude anomalies (full stack and angle stack data), and compare 
seismic scale inversion data to rock physics models and trends observed 
in the well logs. 

3.1. Reference rock physics model 

In order to conduct our investigation, we need to establish a 
consistent way to evaluate and compare the shale formations. Strictly 
speaking, only three independent acoustic properties are available to 
relate rock properties (e.g., derived from well logs) to seismic attributes, 
and these are P-wave velocity, S-wave velocity, and bulk density. These 
parameters can, however, be combined and displayed in different ways 
(typically in crossplots), and are used to calculate other derived attri
butes that can better highlight certain geological quantities. Cross
plotting porosity or density versus P- or S-velocity is direct and intuitive, 
and is a proven way to assess composition, sorting and cementation 
(Avseth et al., 2005). AI–VP/VS and λρ–μρ (LMR) crossplot domains are 
also typical for conventional shale-sand discrimination and excel in 
terms of fluid sensitivity (Goodway et al., 1997; Ødegaard and Avseth, 
2004). A crossplot of Poisson’s ratio (ν) versus Young’s modulus (E), on 
the other hand, is potentially more intuitive for evaluating the ductility 
or brittleness of a rock. These properties are sometimes directly related 
to mineralogy (e.g., Perez and Marfurt, 2014), and are commonly dis
cussed in the context of hydraulic fracturing of unconventional shale 
reservoirs (e.g., Vernik, 2016) as well as in geomechanical studies (e.g., 
Gray et al., 2012). Based on what we know about the Jurassic sedi
mentary strata on the NCS, rock physics models describing a siliciclastic 
system should be adequate for our investigation. 

A broad array of velocity and density data is displayed in Fig. 3 from 
multiple wells in the North Sea and the Barents Sea where we have a 
good understanding of the lithologies and fluids present. Fig. 3a shows 
all data colored according to shale volume (derived from gamma-ray) in 
a ρb–VP crossplot, whereas Fig. 3b displays a frequency crossplot of only 
the shale-dominated rocks (Vshale>0.5 from petrophysical analysis) in 
terms of ρb–VP. Shale data dominate the lower part of the plots, where P- 
wave velocity less than about 2 km/s and bulk densities outside of 
1.8–2.7 g/cm3 are rarely observed at any depth. Generalized rock 
physics models assuming 25 MPa effective pressure serve as bounds of 
reference, with brine bulk modulus and density of 3.2 GPa and 1.1 g/ 
cm3, respectively (Batzle and Wang, 1992). Even though there is no 
restriction on depth or age, the data-spread is relatively well explained 
and contained by the theoretical physical bounds of brine-saturated 
clean sandstone (stiff cases represented by the contact cement and 
constant cement models; Dvorkin and Nur, 1996; Avseth et al., 2005; 
Mavko et al., 2009) and a simplified pure clay model (Fig. 3a). When 
filtering out sand-dominated sections, we see that most of the shaly data 
plot between the clean sand model and the pure clay model (soft model 
using Tosaya, 1982 mixed clay moduli; Fig. 3b). The highest frequency 
of data points coincide with the line representing 50% clay (Dvorkin-
Gutierrez silty shale model; Avseth et al., 2005). No significant amount 
of data falls in the range that could be confused with clean sandstone, i. 

Table 1 
Overview of exploration wells included in the database.  

Well (prospect/ 
field) 

Net 
uplift 
(km) 

Content of 
Jurassic 
reservoir 

Primary 
seal fm. 

Sample/XRD 

15/12–21 
(Grevling 
wildcat) 

0 Oil Draupne & This study 

15/12–22 
(Storkollen) 

0 Dry Heather – 

15/12–23 
(Grevling 
appr.) 

0 Oil  – 

15/3–8 
(Gudrun) 

0 Oil Draupne This study 

16/8-3S (Lupin) 0 Dry  Zadeh et al. 
(2017) 

17/12–4 (Vette) 0.4 Oil Tau & This study 
9/2–1 (Yme) 0.5 Oil Egersund Kalani et al. 

(2015) 
9/2–11 

(Aubrey) 
0.6 Dry  – 

7122/7–1 
(Goliat 
wildcat) 

1.2 Oil Hekkingen – 

7122/7–3 
(Goliat 
wildcat) 

1.2 Oil and gas & Fuglen Nooraiepour 
et al. (2017) 

7122/7–6 
(Goliat appr.) 

1.2 Oil  – 

7220/10–1 
(Salina) 

1.2 Gas  Nooraiepour 
et al. (2017) 

7324/2–1 
(Apollo) 

2.0 Dry  – 

7224/6–1 
(Arenaria) 

1.4 Low saturation 
gas  

– 

7324/8–2 
(Bjaaland) 

1.8 Dry with 
shows/fizz gas  

– 

7325/1-1 
(Atlantis) 

2.0 Dry with oil 
shows  

– 

7325/4–1 
(Gemini 
North) 

1.9 Gas  – 

7125/1-1 
(Binne) 

1.3 Oil Hekkingen Zadeh et al. 
(2017) 

Note: Net uplift (difference between maximum burial depth and present burial 
depth) estimates are according to Baig et al. (2016, 2019), based on a composite 
analysis of Early Cretaceous to Early Miocene shales and Late Cretaceous to 
Early Paleocene carbonates in the North Sea, and Aptian-Albian to Paleogene 
shales in the SW Barents Sea. 
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e., around the contact cement model. 
Cementation processes will also consolidate and stiffen clay- 

dominated lithologies, but no intuitive model accurately describes this 
behavior in shales due to their complex and variable composition 
compared to clean sandstone. Therefore, we would generally not expect 
even pure claystone to follow the black line in Fig. 3 if chemically 
consolidated. A second consideration is the effect of organic content on 
shale and sand (kerogen and gas, respectively); explicitly accounting for 
Total Organic Carbon (TOC) in shales requires more advanced rock 
physics models (e.g., Guo et al., 2013; Carcione and Avseth, 2015; Zhao 
et al., 2016). Furthermore, contrasting VP and VS relationships will 
typically indicate fluid anomalies (Hansen et al., 2019). In summary, 
most of the recorded shale data are relatively well constrained in terms 
of VP, VS (not shown) and bulk density compared to our previous 
knowledge of siliciclastics. Subsequently, we zoom in on the Jurassic 
interval to examine how variations in composition, TOC, maximum 
burial depth (compaction and consolidation) and uplift history manifest 
in the elastic properties. 

4. Results 

The following sections concretize the results of our investigation in 
terms of compiled bulk mineralogy, petrophysical signatures, and rock 
physics relationships of caprock shale formations. For simplicity and 
consistency, we focus on crossplots of P-wave velocity versus bulk 
density when discussing rock physics. The younger, “hot shale” forma
tions (Tau, Draupne and Hekkingen) in all wells in the database display 
an average VP of 2.7 � 0.2 km/s and ρb of 2.35 � 0.12 g/cm3. The 
corresponding values for the underlying formations (Egersund, Heather 
and Fuglen) are VP of 3.3 � 0.4 km/s and ρb of 2.50 � 0.07 g/cm3. 

4.1. Bulk mineralogy 

The ternary diagram in Fig. 4 summarizes the available XRD 
mineralogy data pertaining to wells in our study, obtained either in this 
study or from previously published works (Kalani et al., 2015; Skurtveit 
et al., 2015; Nooraiepour et al., 2017; Zadeh et al., 2017). The TOC 
measurements (inset table upper right in Fig. 4), not included in the 

Fig. 3. Crossplots of velocity and density displaying a wide array of data (full vertical range) from wells located in the North Sea and the Barents Sea, only excluding 
carbonate formations, superimposed on siliciclastic rock physics models. Unfiltered data are color-coded according to shale volume (a). A frequency crossplot (b) 
showing shale data (Vshale>0.5) indicates densely populated areas of the plot as warm colors. The frequency grid is 65 � 65 bins, with number of datapoints within 
each bin represented by the color scale (minimum 3 points for visualization). (For interpretation of the references to color in this figure legend, the reader is referred 
to the Web version of this article.) 

Fig. 4. Ternary diagram showing compiled bulk mineralogy data from this 
study and literature (Kalani et al., 2015; Skurtveit et al., 2015; Nooraiepour 
et al., 2017; Zadeh et al., 2017). 
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compositional fractions, represent the range of organic content observed 
in the sample database and support the overall impression that the 
younger formations are more organic-rich compared to the underlying 
formations. Since there are multiple XRD data sources, some discrep
ancies between published works are expected but these are assumed 
irrelevant for the scope of our investigation. These data provide a gen
eral range of the mineralogical content (excluding organic matter) of the 
roughly age-equivalent studied formations in different areas of the NCS. 
The samples from the Tau and Egersund formations in the Yme area 
(Fig. 1c) have the highest clay content, constituting more than 70–85% 
of the bulk volume. The second cluster, formed by the Tau and Egersund 
samples from the Vette well (17/12–4) along with the Draupne (15/3–8 
Gudrun and 16/8-3S Lupin), Fuglen, and Hekkingen (7122/7–3 Goliat, 

7120/10-1 Salina, 7125/1-1 Binne) formations contain approximately 
45–65% clay and 25–45% quartz and feldspar. Along with the exception 
of one Draupne sample from the Gudrun well (15/3–8), the Heather 
Formation sample has the highest Q/F content (50%), consistent with 
being collected from the lower, silty part of the formation in the Grevling 
well (15/12–21), but it also has a high TOC content measured to 8 wt%. 
The content of carbonate and pyrite is subordinate and less variable in 
all samples (<20%, average around 10%), meaning that the primary 
differences lie in the balance between silt (Q/F) and clay. 

4.2. Lithofacies and composition 

Data from the Ling Depression (Fig. 1c) in the North Sea are 

Fig. 5. Micrographs from samples taken in Draupne (a), upper Heather (b), lower Heather (c) and Hugin (d) formations in well 15/12–21 exemplify differences in 
composition and texture relative to gamma-ray (GR) changes (colors represent ellipses in the crossplot in Fig. 6b). Labels show representative examples of C ¼ clay, 
OM ¼ organic matter, Q ¼ quartz (some grains consist of feldspar, undifferentiated), P ¼ pyrite, and Ф ¼ porosity. The well log correlation panel (e–g) with three 
wells from the Grevling area in the southwestern Ling depression (block 15/12; Fig. 1c) displays gamma-ray and deep resistivity (logarithmic scale), and coal layers 
are marked in black. Dashed lines in Fig. 5e show the sample positions. Although not shown here, velocity and density is missing in the shallow section of well 15/ 
12–21 (<2970 m). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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displayed in Fig. 5, where the Draupne and Heather formations are 
encountered around 2.75–3.15 km measured depth (MD) below rotary 
kelly bushing (RKB). Multiple studies have indicated minimal to zero 
uplift in this area (e.g., Baig et al., 2019 and references therein), 
meaning that these shale formations are presently at their maximum 
burial depth. Although the formations approach temperatures associ
ated with the oil window, we do not expect any significant amount of 
hydrocarbon generation to have occurred that could influence the 
acoustic properties (Hansen et al., 2019). The wells from the Ling 
Depression provide a good overview of the range of elastic properties 
related to composition and texture changes, which are exemplified and 
supported by samples taken from well 15/12–21 (micrographs in 
Fig. 5a–d). We can broadly subdivide the caprock section into clay-rich 
black shale (Draupne Formation, high uranium concentration from 
spectral gamma ray log), clay-rich grey shale (upper Heather Formation, 
intermediate uranium concentration), and silty shale (lower Heather 
Formation) based on the gamma ray log expressions (Fig. 5e–g). It 
generally appears to be a close relationship between the silt–clay content 
and texture observed in the different representative micrographs and the 

gamma ray log. The Draupne Formation sample is clearly dominated by 
laminated clay and organic matter (OM) with few silt-sized grains 
(Fig. 5a). The upper part of the Heather Formation is texturally similar, 
even if the amount of quartz and feldspar grains slightly increase and 
OM is less dominant (Fig. 5b). Pyrite is also abundant in all shale sam
ples. The intrinsic differences in organic content and depositional con
ditions (circulation and oxygen) reasonably explain the contrast in 
gamma-ray between the Heather and Draupne formations. On the 
other hand, there are significant differences between the microstructure 
of the fine-grained Hugin Formation reservoir sandstone and the silty 
lower Heather Formation relative to the change in gamma-ray values. 
Even if the latter (Fig. 5c) contains a high amount of silt-to sand-sized 
grains (closer to grain-supported), most of the areas between larger 
grains are filled with clay, in contrast to the higher porosity of the 
cleaner sandstone (Fig. 5d). 

Crossplots of density versus velocity with the previously described 
template show separation of formations and wells (Fig. 6a), variation in 
gamma-ray (Fig. 6b), and uranium from spectral gamma-ray (Fig. 6c). 
We observe an upwards fining trend in the Heather Formation 

Fig. 6. ρb–VP crossplots corresponding to the three wells from the Grevling area shown in Fig. 5. Crossplot data are color-coded according to well number separated 
by formation (a), gamma-ray (b), and uranium content from spectral gamma-ray (c); the latter is not recorded in well 15/12–22. Red and blue arrows in the crossplot 
correspond to fining trends in the gamma-ray log in Fig. 5. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version 
of this article.) 
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encountered in the dry Storkollen prospect, and a sharp transition in the 
Grevling area. The lower part of Heather Formation (well 15/12–22) has 
similar properties to the underlying clean, highly porous Hugin For
mation sandstone, and clearly shifts towards the cemented sand model 
in Fig. 6b (blue arrow; cf. Fig. 5g). As seen in the lower Heather For
mation thin-section (Fig. 5c), however, there is still a prevalent clay 
fraction compared to the reservoir. The upper and lower Heather For
mation sections are clearly separated in the crossplots, predominantly 
by the lower velocity in the interval with higher gamma-ray log values. 
An additional increase in gamma-ray from the upper Heather Formation 
into the Draupne Formation correlates more prominently with 
decreasing density, but also additionally lowered VP (red arrow Figs. 5f 
and 6b). A marked difference is observed in uranium content (Fig. 6c), 
which signifies more reducing/anoxic depositional conditions (Doveton, 
1994; Asquith and Krygowski, 2004), whereas potassium and thorium 
levels are overall similar. To put this in context, identical behavior and 
approximately the same range of uranium values are observed between 
the Hekkingen and Fuglen formations where spectral gamma-ray data 
are available in Barents Sea wells (7122/7–3, 7122/7–6, 7224/6–1, and 
7324/8–2). 

In the context of Upper Jurassic shale lithology variations, the 
Grevling well (15/12–21) encountered a sealing shale on the silty end of 
the spectrum, as the lower Heather Formation overlies an oil reservoir 
consisting of the Hugin, Sleipner and Skagerrak formations. No elevated 
resistivity (~1.8 Ω-m) or oil shows are recorded above the reservoir 
level, despite the silty top seal (Fig. 5e; NPD, 2019). The resistivity in the 
oil-saturated sandstone is around 4–5 Ω-m, whereas the sharp spikes 
correspond to carbonate-cemented layers. Quantitatively, the general 
risk of leakage as a function of capillary resistance failure, which relates 
to grain size and pore size variations, can be demonstrated as in Fig. 7. 
Fig. 7a shows the theoretical realizations of certain capillary and 
buoyancy forces expressed in MPa. Buoyancy pressure (F1) is a function 
of the density difference between the hydrocarbon phase (ρhc) and water 
phase (ρw), and the hydrocarbon column height (H), expressed as F1 ¼

(ρw – ρhc) � H. The critical pore throat radius (R), the wetting angle (ϑ), 
and the interfacial tension (γ) between hydrocarbon and water deter
mine the capillary resistance force (F2), calculated as F2 ¼ (2 γ cos ϑ)/R 
(Purcell, 1949). The vertical lines represent capillary resistance pres
sures, which vary depending on pore throat radius (R), decreasing with 
increasing clay content and compaction (Schowalter, 1979; Dewhurst 
et al., 1999). For our calculations, we assume a simplified wetting angle 
(ϑ) of 0� (water-wet system) and interfacial tension (γ) values of 10 
dyn/cm and 40 dyn/cm for oil-water and gas-water, respectively 
(Schowalter, 1979). Based on observations made by Aplin and Moore 
(2016), an R-value of 600 nm (6 � 10� 5 cm) is a realistic value for a 

silt-dominated rock (clay fraction around 25%), whereas a very low 
modal pore throat radius of 10–20 nm (1–2 � 10� 6 cm) was found in 
natural mudstone with clay content around 70%. As demonstrated 
experimentally by Dewhurst et al. (1999), mechanical compaction does 
not drastically change these values. Stippled and solid lines in Fig. 7a 
indicate low and high fluid density contrasts, respectively, using 
reasonable values of hydrocarbon and brine densities (ρoil ¼ 0.75–0.85 
g/cm3, ρgas ¼ 0.25–0.45 g/cm3 and ρbrine ¼ 1.0–1.1 g/cm3). 

The well completion report of the Grevling well (15/12–21; NPD, 
2019) describes the coal layer separating the Hugin and Sleipner for
mations as a pressure barrier, which limits the effective hydrocarbon 
column driving the buoyancy force (Hugin Formation hydrocarbon 
column). Based on drill stem tests the measured oil density (ρoil) is 0.86 
g/cm3 in the Grevling reservoir, indicating a relatively small contrast 
between oil and water. Accordingly, the pressure created by the Hugin 
oil column (dotted line and yellow circle in Fig. 7a) is around the 
capillary entry pressure associated with silt-dominated caprock. 
Leakage due to a 28 m column could be possible if the minimum pore 
throat radii (R) were greater than around 500 nm. A lighter oil phase 
would increase the likelihood of migration. However, if the clay content 
is higher and pore throats consequently smaller, the column height and 
buoyancy would be too low and the capillary entry pressure too high, 
evident from the vertical lines associated with smaller grain sizes. 
Fig. 7b makes it evident that a lot of change in capillary integrity occurs 
in the space between approximate pore throat radii observed for 
clay-dominated and silt-dominated mudstones (72% and 27% clay, 
respectively; Aplin and Moore, 2016). When the effective pore throats 
are less than about 200 nm, the capillary integrity increases exponen
tially. Hydrocarbons have not been able to migrate/leak into the 
Heather Formation (similar to Olstad et al., 1997), indicating a suffi
ciently small modal pore throat size, consistent with the clay 
matrix-supported texture observed in Fig. 5c. Even when ignoring 
pressure barriers and including the entire reservoir with an approximate 
oil column of 130 m, the buoyancy value (F1) is only approximately 0.2 
MPa. This value is still below the capillary resistance of pore throats with 
a radius of 100 nm, i.e., an order of magnitude larger than the value 
measured in clay-dominated mudstone. These examples indicate that for 
hydrocarbon column heights less than ~100 m, even fairly 
silt-dominated caprocks are very unlikely to leak through the matrix. 

4.3. Range of organic content and burial – an example from the Central 
North Sea 

Internally in well 9/2–1 (Fig. 8a), the softer section of the Tau For
mation with higher gamma-ray and organic content clearly separates 

Fig. 7. (a) Buoyancy pressure as a function of hydrocarbon column height in the case of oil. The stippled and solid green lines indicate reasonable values for lower 
and higher contrast to water, respectively. Vertical lines represent capillary entry pressure/capillary resistance for different effective pore throat sizes (approximate 
values for silt to clay). (b) Capillary resistance as a function of pore throat radius in the case of oil and gas, which have different interfacial tension. (For interpretation 
of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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from the deeper, low-TOC shale interval (zoomed view in Fig. 8a). The 
latter is acoustically similar to the younger Sauda Formation, which is 
typically low in organic content (light grey points). Moreover, the 
Egersund Formation (heavily filtered from QC) displays values in the 
upper range of that previously observed in the Fuglen and Heather 
formations, which is close to the oil sandstone velocity (~4.1 km/s) but 
higher than the oil sandstone density (~2.4 g/cm3). 

Fig. 8b illustrates how data from the Tau Formation in the Egersund 
Basin from the Yme (9/2–1) and Aubrey (9/2–11) wells (Fig. 1c), with 
comparatively lower TOC, plot in relation to the organic-rich Draupne 
Formation in the Storkollen well (15/12–22; same as Fig. 6). On 
average, TOC is 2.3–2.7 wt% in the former, whereas the estimate for the 
latter is 7.1 wt% (Hansen et al., 2019). The Tau Formation in the Aubrey 
well (9/2–11) has experienced similar burial as the Draupne Formation 
in the Storkollen well (15/12–22). Regardless of being located on the 
flank (9/2–11) or central part (9/2–1) of the Egersund Basin, where 
there is approximately 650 m difference in maximum burial depth over 
relatively short lateral distance, the Tau Formation data are shifted to
wards higher velocity and density compared to the Draupne Formation 
(Fig. 8b). Mineralogical samples from the two respective areas indicate 
that the Tau Formation should be more clay-rich (Kalani et al., 2015). 
The acoustic properties do not reflect this difference, as the lower values 
of velocity and density in the Draupne Formation indicates less brittle 
and stiff rock. Compared to the rock physics template (cf. Fig. 3), both 
the Tau and Draupne formations plot around the 50%-clay line, and data 
from well 9/2–1 (Yme) are shifted towards the sand model compared to 
well 9/2–11 (Aubrey). 

In the Gudrun well (15/3–8) Draupne Formation shale sections 
(Fig. 8c), we observe very similar acoustic properties to the Tau For
mation. Internally, the range of average TOC is 3–6 wt% (Hansen et al., 
2019), but the fact that it decreases downwards means that it is difficult 
to decouple the effect of TOC and compaction in this thick section. 
Nevertheless, the deepest burial and lowest TOC naturally correlate with 
the highest velocity and density, and vice versa. Internal variations 
correspond to an approximate range of VP and ρb of 2.8–3.3 km/s and 
2.35–2.6 g/cm3, respectively. On the other hand, the difference between 
the shallow, high-TOC section in the Gudrun well (15/3–8) and the 
Draupne Formation in the Lupin and Storkollen wells (16/8-3S and 
15/12–22; Fig. 8c) as a function of 1.0–1.5 km greater burial and onset 
of oil maturation is minimal (approximate ΔVP ¼ 0.3 km/s, Δρb ¼ 0.05 
g/cm3). Synthetic kerogen substitution modelling based on Vernik 
(2016), assuming a constant mineralogical composition, predicts a 
similar expression of increasing TOC as observed internally in the 
aforementioned wells, and interwell trends (cf., Hansen et al., 2019). 
Testing this method on the Lupin well (16/8-3S) Draupne Formation 
yields an increase of 0.6 km/s in VP and 0.15 g/cm3 in density by per
turbing the average TOC from 6.5 wt% to 1.5 wt%. 

4.4. Nuances in sealing capacity – an example from the Goliat field 

The Goliat structure represents a roll-over anticline banked against 
the Troms-Finnmark Fault Complex in the southwestern Barents Sea 
(Figs. 1b and 9a; Mulrooney et al., 2017, 2018; Yenwongfai et al., 2017, 
2018). The top seal sequence consists of the Fuglen and Hekkingen 

Fig. 8. ρb–VP crossplots highlighting the TOC trends within Tau and Draupne formations considering different maximum burial depths. (a) Examination of internal 
trends in the Yme well (9/2–1), including surrounding caprock shales and reservoir. (b) Comparison of Tau (Egersund Basin) and Draupne (Ling Depression) for
mations; note different scale. (c) Deeper buried, oil-mature Draupne Formation as encountered in the Gudrun well (15/3–8) compared to shallower sections in the 
Lupin (16/8-3S) and Storkollen (15/12–22) wells in the Ling Depression. 
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formations, which again are overlain by Cretaceous sequences. Fig. 9 
shows a reservoir depth-structure map (Fig. 9a) and highlights an 
overburden dim zone along both the top Hekkingen (Fig. 9b) and top 
Knurr formation (Fig. 9c) reflectors. 

Since the Goliat reservoir and caprock retains both oil and gas, we 
must classify the caprock quality as satisfactory within the scope of 
petroleum exploration. At the same time, there is evidence in the seismic 
data of minor differences across the field. In particular, a seismic section 
across the northern part of the structure (Fig. 10a) highlights a zone of 
dim amplitudes and distorted reflections above the oil-bearing reservoir, 
coupled with shallow, bright anomalies. There is distinct dimming of the 
reflector corresponding to top reservoir level, as well as within and 
above the overlying caprock shale sequence (Upper Jurassic Hekkingen 
and Fuglen formations, and Lower Cretaceous Knurr Formation) indi
cating gas leakage. The dimming does not appear to originate from the 
fault plane (point source type leakage in cross-section view; Løseth et al., 
2009), but appears dispersed above the trap structure which hints to
wards diffusive leakage or fractured top seal mechanisms. 

Signs of dimming, wipeout and leakage are very much reduced in the 
section near well 7122/7–3 (Fig. 10b). This well encountered gas and oil 
in the southwestern section of the field (62 m HC column), whereas well 
7122/7–6 only contains oil (36 m HC column). These two wells record 
the caprock properties within and outside the main area of dimming, 
respectively (Fig. 9a–c). Similarly, well 7122/7-7S confirmed both gas 
and oil in the Realgrunnen Subgroup level in a segment on the north
western side of the field outside of the dim zone. There is no oil-water 
contact (OWC) identified in well 7122/7–3, whereas well 7122/7–6 
contains water-bearing Realgrunnen Subgroup sand below the OWC. 
Similarly, both oil and gas shows were recorded below the OWC in wells 
7122/7–1 (38 m oil column) and 7122/7–2 (75 m oil column). 

With the seismic observations in mind, the properties of the imme
diate caprock sequence (Fuglen and Hekkingen formations) above the 
reservoir in three selected wells are displayed in terms of ρb versus VP 
(Fig. 10c). The high-porosity end of the clay and 50:50 quartz-clay lines 
are not directly comparable to these data, but the lower porosity side 
better reflects the compaction state at the depth of these formations. The 
Fuglen Formation displays average velocity of around 3.6 km/s and 
average density around 2.5 g/cm3. Respective Hekkingen Formation 
values are 2.7 km/s and 2.2 g/cm3. Additionally, the Cretaceous Kol
mule Formation is included as it represents organic-lean shale, meaning 
that we can assume the effect of kerogen on the elastic properties to be 
negligible. This formation was deposited in an open marine setting, 
appears overall very homogeneous in logs, and contains more clay (68% 

of bulk volume) than the Hekkingen and Fuglen formations (~55%), 
and less quartz, feldspar and carbonate (combined ~32% compared to 
~45%) judging from XRD data (Nooraiepour et al., 2017). The Kolmule 
Formation data plot around the pure clay model and display low velocity 
and density, which is consistent with both the mineralogy and less 
compaction due to shallower burial depth. The lower, shaly part of the 
Knurr Formation overlying the Hekkingen Formation is deeper than the 
Kolmule Formation, and plots around the clay model closer to the Fuglen 
Formation, which confirms the normal organic-lean shale compaction 
behavior. By referring to the template, the Fuglen Formation in wells 
7122/7–6 and 7122/7–1 appears marginally siltier than in well 
7122/7–3, without this being reflected in the gamma-ray. Porosities 
measured on sidewall cores in well 7122/7–3 range from 6 to 10%, close 
to what is predicted from the 50:50 quartz-clay model. Similarly, the 
Hekkingen Formation plots slightly above the 50% clay line, albeit to
wards much lower velocity and density, removed from the compaction 
trend. This is coherent with previous indicators of high organic content 
and deposition in highly restricted marine settings. 

4.5. Regional Barents Sea variations in the Fuglen and Hekkingen 
formations 

A well correlation panel is shown in Fig. 11a extending from the 
Goliat field in the south, via the Bjarmeland Platform, and finally 
through three wells in the Hoop Fault Complex area. The first track 
shows gamma-ray, whereas the second track shows AI and VP/VS. 
Exhumation magnitude generally increases towards the north in the 
Barents Sea, corresponding to an increase from approximately 1 km–2 
km from left to right in Fig. 11a (Baig et al., 2016). Fig. 11 also displays 
corresponding ρb–VP crossplots with data from the same wells, colored 
according to well number (Fig. 11b) and gamma-ray (Fig. 11c). By 
focusing on the primary seal, i.e., the Fuglen Formation, we can more 
readily see internal differences in composition and consolidation, over a 
wide range of net exhumation. We can subdivide the Fuglen Formation 
into an upper, soft part characterized by high gamma-ray readings, 
which appears very similar to the Hekkingen Formation, and a lower, 
stiff part with lower gamma-ray and higher AI values. Only the latter is 
identified in the Goliat area (7122/7–3), but a distinct upper section is 
particularly evident in the Arenaria (7224/6–1) and Atlantis (7325/1-1) 
wells. This is highly similar to the trend observed in the Heather For
mation in the North Sea (Figs. 5 and 6). Furthermore, the lithology track 
included for well 7122/7-3 shows that both the Hekkingen and Fuglen 
formations were interpreted as clay-dominated but partly silty 

Fig. 9. Goliat field depth-structure map (a) showing the top Realgrunnen Subgroup reservoir level, exploration well locations and dominant faults (cf. Mulrooney 
et al., 2017 for further detail). Stippled lines indicate locations of cross-sections shown in Fig. 10. Amplitude maps represent the top Hekkingen Formation (b) and top 
Knurr Formation (c) reflectors. 
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(composite log; NPD, 2019), which in conjunction with the XRD data 
and quartz-clay models imply that Fuglen and Hekkingen formations are 
overall similar in terms of mineralogy. 

The correlation between high velocity and density (i.e., high AI) and 
low gamma-ray (color code) in the Fuglen Formation is not obvious from 
the crossplot in Fig. 11c, but AI shows a good inverse correlation with 
gamma-ray signature internally in each well, which is more readily 
apparent in Fig. 11a. As the internal separation of yellow, light blue and 
light grey data points in Fig. 11b shows, there is a change in velocity that 
drives this sharp drop in AI, rather than a change in density. Note that in 
the Gemini North well (7325/4–1), we can see a more transitional, 
upwards decreasing trend in AI rather than the pronounced boundary 
seen in Arenaria (7224/6–1) and Atlantis (7325/1-1; Fig. 11a). There is 

little to no change observed in the gamma-ray log (Fig. 11c) or uranium 
concentration. This gradual change is reflected in the distribution of the 
Gemini North (7325/4–1) data in Fig. 11b (corresponding red arrow). 
VP/VS ratio is generally higher in the upper, soft part of the formation, as 
observed for example in the Arenaria well (7224/6–1) where it increases 
from around 1.9 in the lower section to 2.2–2.3 above the transition. 

The trends we have discussed and the associated template naturally 
transfer to other crossplot domains, e.g., AI–VP/VS (as demonstrated in 
Fig. 12), LMR (λρ–μρ) or Poisson’s ratio versus Young’s modulus (ν–E), 
although the latter two are not shown herein. Fig. 12 demonstrates how 
quantities derived from seismic inversion could represent these 
perceived differences in composition and potential for brittle behavior 
in terms of AI–VP/VS (excluding well 7122/7–1, which does not have 

Fig. 10. (a) Goliat field seismic section showing shallow bright anomalies and a dim zone in the caprock sequence and overburden above the trap apex near wells 
7122/7–1 and 7122/7–6 (see Fig. 9a for location), which are not prominent in the seismic section near well 7122/7–3 (b). (c) Crossplot showing comparison of the 
Goliat field caprock inside and outside of the main suspected gas leakage zone (three wells). The black arrow indicates the influence of a higher presence of soft, low- 
velocity and low-density kerogen in Hekkingen Formation. Data from younger formations in well 7122/7–3 are included for comparison (see Fig. 2 for 
lithostratigraphy). 
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measured VS data). Domains where shear-velocity data are incorporated 
actually further emphasize the separation between the Fuglen Forma
tion in the Goliat wells (stiff) and wells located further north (Fig. 12a 
and b; cf. Fig. 11b). The lowermost section of the Hekkingen Formation, 
often characterized by extremely high gamma-ray and TOC values 
(herein informally assumed equivalent to the Alge Member), display 
only marginally lower AI compared to the upper section (Krill Member). 
However, we observe very low VP/VS in some of the data, similar to 
observations made previously in data from the Tau and Draupne for
mations in the North Sea (Hansen et al., 2019). As evident from 
comparing Fig. 12a and b with Fig. 12c, which shows sandstones with 
different fluid content encountered in these wells, there are two po
tential areas of overlap between Upper Jurassic shales (Fig. 12a and b) 
and brine sands, oil sands, or even gas sands (Fig. 12c). The first is the 
aforementioned lower Hekkingen Formation, and the second is the 
siltier, more brittle Fuglen Formation interval (Fig. 12b). Finally, data 
extracted from a small area around well 7122/7-3 based on AVO 
inversion for P- and S-impedance are displayed in Fig. 12d. The utilized 
window captures the immediate caprock above the reservoir. Note a 

tendency of the seismic data falling towards the brittle models rather 
than the clay models, partially similar to what is observed in Fig. 12a 
and b, as well as a clear depth trend. 

5. Discussion 

It has been suggested that the three main factors that may compro
mise or diminish seal capacity in exhumed basins are seal brittleness, 
hydraulic fracturing, and diffusion (Dor�e et al., 2002). The permeability 
(related to porosity) and pore geometry of sedimentary rocks are largely 
dependent on the amount of sand- and silt-sized grains compared to clay 
particles, as well as the compaction state (loading-unloading-reloading 
history). For a consolidated and uplifted siliciclastic rock, an increasing 
amount of brittle minerals such as quartz, feldspar and carbonate will 
also contribute to the potential for brittle fractures in that rock (Gabri
elsen and Kløvjan, 1997). Consequently, it is of great value being able to 
determine whether a caprock is clay-dominated or quartz-rich, because 
it helps predict whether the seal is more or less prone to fractures (e.g., 
uplifted regions) and may indicate the potential for leakage in the event 

Fig. 11. Barents Sea well correlation panel (a) comparing the Fuglen Formation between the Goliat field in the south to the Hoop Fault Complex area in the north, via 
the Arenaria well (7224/6–1) located in the Bjarmeland Platform/Swaen Graben (see inset map or Fig. 1b). Corresponding crossplots showing ρb versus VP of the 
Fuglen Formation are color-coded after well number (b) and gamma-ray response (c). (For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 
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of considerable hydrocarbon column heights. 

5.1. Effects of composition and organic content on sealing capacity 

A caprock can act as a capillary seal, implying that no vertical 
migration takes place unless the buoyancy pressure (pressure in the 
petroleum phase) exceeds the capillary entry pressure. If the caprock is 
fine-grained, pore throat radii are small, the capillary resistance is high, 
and thus a trap can support a larger hydrocarbon column without 
leaking. A caprock can also act as a permeable flow barrier, which in
dicates slow leakage through the caprock by Darcy flow or diffusion 
(matrix-controlled flow; Ingram et al., 1997; Bjørlykke, 2015). Such flow 
typically relates to light hydrocarbons such as gas (Ingram et al., 1997). 
Conversely, Teige et al. (2005) have shown experimentally that water 
may rather flow through a water-wet seal while the capillary forces 
retain oil. Clay minerals typically dominate the Upper Jurassic caprock 
composition, and previous studies dictate that the permeability of such 
fine-grained rocks is generally far too low to allow significant migration 
of oil through the matrix (Olstad et al., 1997; Bjørlykke, 2015). 

We observe that the high organic content in the hot shale formations 

masks the increase in velocity and density we typical expect from deeper 
burial and consolidation, when comparing to younger shale formations 
(e.g., Kolmule shale in Fig. 10c, Sauda shale in Fig. 8a). This is not the 
case for the three older formations, even though they typically contain 
substantial amounts of organic matter. Comparing rock sample infor
mation with elastic and petrophysical properties reveals that the 
apparent differences in silt-clay content between age-equivalent for
mations (e.g., Tau versus Hekkingen) – and conversely, the similarities 
in composition between older and younger formations (e.g., Fuglen 
versus Hekkingen) – are fairly discrete (Figs. 6, 8 and 10). Instead, it is 
apparent that the age-equivalent formations are acoustically similar, 
and that higher AI and lower VP/VS distinguish the older, lower-TOC 
group. Data from the Tau Formation in the Yme area (Fig. 8a) are a 
good example, where the TOC is relatively low, but the elastic properties 
are closer to the organic-rich Draupne Formation (Fig. 8b) than a 
(sampled) high-TOC Fuglen Formation (Fig. 10c). An important 
consideration is that gamma-ray values are not directly representative of 
clay content in a black, organic-rich shale like the Draupne Formation 
(Fig. 5). As observed in XRD sample data, the mineralogy of the older, 
less organic-rich formations are typically very similar to the younger, 

Fig. 12. Rock physics template superimposed on well log data from the Fuglen and Hekkingen formations (cf. Fig. 11b) in the AI–VP/VS domain, color-coded after 
well number (a) and formation sections (b). Sandstone data shown for reference have colors according to different fluid content (c). Seismic inversion data (d) for a 
window of 10 m above the top reservoir around well 7122/7–3 ( �50 IL and XL, increment of 2), roughly represents the expression of the Fuglen Formation. (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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uranium-rich (Fig. 6c) formations characterized by deposition in a very 
restricted marine setting. Gamma-ray logs exceeding a certain value do 
not correlate well with the rock physics models (Draupne versus upper 
Heather formations; Fig. 6), but clearly correlate with the finer and 
coarser parts of the Heather Formation. By combined consideration of 
trends observed in Fig. 8 and the behavior of the other age-equivalent 
formation pairs (cf. Hekkingen versus Fuglen and Draupne versus 
Heather) in conjunction with the rock physics model, we suggest that 
higher TOC explains why a Draupne Formation with similar quartz 
content can appear less stiff and brittle. TOC is apparently more influ
ential than differences in maximum burial (>1 km difference) on the 
acoustic expression, as demonstrated by comparisons in Fig. 8. 

Consequently, for predicting what the acoustic properties of a given 
caprock signify, our data suggest that an increase in clay content appears 
to influence mainly the velocity, as observed internally in the Heather 
and Fuglen formations (Figs. 6b and 11b). Although the organic content 
in these older shales is nowhere near negligible, there are clear and 
consistent differences when comparing to the younger, black, organic- 
rich Jurassic shale sequence stemming from even more restricted 
depositional conditions with higher average TOC (Fig. 4). This separa
tion more dominantly manifests in the bulk density values, which are 
markedly low regardless of the consolidation and maturation state of the 
shale being examined. The distinction between P-impedance and the 
separate changes in ρb and VP could be relevant for instance when 
considering modern wide-azimuth seismic data where information from 
angles >30� provide better constraints on the density term (in three- 
term AVO). In turn, this means that with high-quality data, it is 
feasible to decouple the velocity and density contributions to the 
acoustic impedance, and per the observations in this paper be able to 
discern changes in TOC versus mineralogy more clearly. We note that 
plotting quantities more readily related to conventional prestack seismic 
data (e.g., AI-VP/VS) yield similar trends (Fig. 12), but none of these 
quantities correlate well with only compaction, organic content or 
mineralogical composition. 

The effect of seal composition is further manifested in the capillary 
sealing calculations (Fig. 7). In prediction of capillary retention capac
ity, gas values are poorly constrained compared to oil in terms of both 
density and interfacial tension, which are crucial to these calculations. 
In a gas-water system, the buoyancy would be higher because of low 
hydrocarbon density, but the capillary resistance would also increase 
due to higher interfacial tension (Bjørlykke, 2015). It is consequently 
difficult to generalize whether gas is more or less likely to leak from the 
same reservoir with the same caprock. However, our calculations and 
evidence from the North Sea indicate that due to the overall high clay 
content in Upper Jurassic formations, we should not expect the marginal 
difference in the Goliat caprock composition indicated by the velocity 
and density in Fig. 10c to explain a change in retention capacity 
(postulated from seismic hints of gas leakage). Based on rock samples 
the Fuglen Formation is characterized by similar or higher clay content 
than the Heather Formation, which is the key factor deciding capillary 
properties. 

5.2. How composition and compaction influence fracture potential and 
behavior during uplift 

The other relevant influence of caprock composition, i.e., minerals 
and organic content, relates to deformation properties such as brittle
ness and fracture potential. The approach we present does not directly 
attempt to quantify brittleness in the sense of brittle deformation as 
defined in geomechanics (see e.g., Holt et al., 2015 for discussion on this 
matter), but rather tie factors that facilitate a higher or lower potential 
for brittle fracturing, predominantly focusing on the rock composition 
and consolidation. Clay-rich shales have low permeability that may 
inhibit expulsion of water during compaction (e.g., if burial and sedi
mentation rates are high), and are therefore prone to overpressure 
build-up (Hall et al., 1997; Bjørlykke, 2015). The maturity state of 

organic-rich caprock shales is also important, since generation of liquid 
hydrocarbon from solid kerogen can cause overpressure and fracturing 
in tight shales (Kalani et al., 2015). Tectonic fracturing, on the other 
hand, typically relates to uplift and stress-release in brittle rocks, a factor 
that in turn primarily relies on the degree of consolidation and stiffening 
(e.g., through deeper burial and degree of cementation). 

No natural seals are perfect, but we see strong indications of non- 
fault-driven leakage in the caprock and overburden over parts of the 
Goliat field where there is no gas cap, but where there are hydrocarbon 
shows beneath the OWC (see Fig. 10a compared to models presented in 
Løseth et al., 2009). Ohm et al. (2008) proposed that a siltier top seal is 
more likely to leak gas (compared to the Hammerfest Basin center), and 
could provide an explanation for the Goliat oil accumulations, i.e., a 
type II–III trap (Sales, 1993). Leakage of gas allows oil that would 
otherwise spill to remain in the reservoir during uplift and release of gas 
from the oil-phase (Lerch et al., 2016). Based on well and seismic data 
the Goliat structure is underfilled (Tsikalas et al., 2017). Provided that 
adequate migrated hydrocarbons are available, it appears that the larger 
structural capacity of Goliat compared to the capillary sealing capacity 
of a relatively clay-rich rock, is related to a leakage process that must 
have been aided by fracturing to be effective. Compared to the same 
shale succession farther north, the gas-retaining Goliat primary top seal 
(Fuglen Formation) is more brittle/stiff in terms of elastic properties 
(Fig. 10b; possibly driven by silt content). The reason may be either that 
the Goliat wells encounter a condensed section, or that the younger, soft 
Fuglen Formation sequence observed farther north was not deposited in 
this more proximal area. A softer signature can be explained by a more 
dominant clay-fraction (soft mineral composition), and/or a higher 
amount of organic content, both of which are determined by changes in 
the depositional setting (Dor�e et al., 1985). Either of these two factors 
could explain the elevated gamma-ray readings, but as the main change 
occurs in VP rather than density, it appears to be driven by mineralogy. If 
considering the individual caprock quality of the Fuglen Formation, a 
soft and likely more clay-rich shale overlying the more brittle and stiff 
lower shale will clearly raise the potential sealing capacity. The former 
will be less prone to fracturing as well as potentially having lower 
permeability. Different degrees of microcrystalline quartz cementation 
sourced from thermal alteration of smectite to illite could be an alter
native explanation, which in initial stages correlate with rapid velocity 
increase, but only small changes in density (Thyberg et al., 2009). 
Although exhumation estimates carry a lot of uncertainty, maximum 
burial depth was greater in the Hoop area (~2.2 km below sea floor) 
than in the Goliat area (~1.9 km below sea floor), which we believe 
makes cementation a less likely explanation. Since the cementation 
process is also governed by the time spent in the chemical compaction 
domain, the timing of uplift phases must be constrained to fully un
derstand its impact, but the interpretation of less fracture-prone cap rock 
in the Hoop area compared to the Goliat area would remain unchanged. 

In a recent study of Barents Sea formations and onshore equivalents, 
Birchall et al. (2018) have identified underpressured reservoirs both 
onshore Svalbard and in the Barents Sea, including wells located in the 
Hoop Fault Complex and Fingerdjupet Sub-basin (Fig. 1b). Following the 
suspected causes of underpressure – exhumation and associated 
decompaction – the fact that pressure has not been equilibrated can 
indicate well-sealed structures with a lack of open fractures (hydraulic 
or tectonic) to aid flow. On the contrary, based on a numerical rock 
mechanical model study, Makurat et al. (1992) proposed that more than 
1.6–1.7 km of uplift would cause conductive tectonic fractures in the 
Jurassic caprock interval. However, a substantial gas column was 
recently encountered in a Jurassic reservoir in the Gemini North well 
(7325/4–1), with no visible sign of leakage in the caprock formations. 
Furthermore, in the same well there is no change in resistivity compared 
to nearby dry wells, and no seismic anomaly (Faleide et al., 2019) as 
seen over the Goliat field. Fracturing, a suspected product of uplif
t/unloading, was consequently not pervasive enough to result in seal 
failure, possibly as a result of relatively ductile shale behavior. The 
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Makurat et al. (1992) estimate of uplift magnitude required to drive 
fracturing may consequently be too conservative when more closely 
considering the geological setting and the very shallow present burial in 
the Hoop area. Considering an uplift magnitude of 1.9–2.0 km (Løseth 
et al., 1992; Baig et al., 2016) and a present burial depth of around 
0.2–0.4 km below seafloor (BSF) as locally in the wells (Fig. 1b), the 
caprock and overburden shales may still be relatively unconsolidated 
depending on the extent of chemical compaction and cementation. In 
such a scenario, the shale may plausibly have been able to endure the 
stress-release caused by uplift and unroofing without brittle deforma
tion, i.e., tectonic fracturing. As increasing exhumation and over
consolidation typically relates to more brittle behavior, the trend we 
observe is the inverse of general expectations. However, the deciding 
factors for brittleness are maximum burial depth, consolidation, and 
cementation, or lack thereof, not exhumation magnitude itself. Differ
ences in caprock composition and compaction as seen in Fig. 11 will 
alter the rock behavior during uplift, and we can speculate that if the 
uplift in the two areas was equal, the Goliat section would have been 
more prone to fracturing. As gas discoveries are typically not econom
ically viable in the Barents Sea, partially leaking traps could be positive 
for oil retention under certain circumstances (Ohm et al., 2008). 

As noted, similar shales subjected to roughly the same maximum 
burial depths, but significantly different uplift (0–2 km) generally 
exhibit a very similar range of elastic properties (e.g., Figs. 8, 10c and 
11b-c). Assuming a relatively equal lithological starting point, as per 
XRD, gamma-ray log signature and lithological description (Dalland 
et al., 1988), there is no reason to suspect that the uplifted shales 
currently contain any higher amount of conductive fractures (e.g., 
Gabrielsen and Kløvjan, 1997). We would expect that open fractures 
could potentially have an influence on the porosity and tortuosity and 
thereby on sonic, density and resistivity logs, if they were indeed “open” 
and of sufficient intensity. However, the fact that hydraulic fractures can 
open and close in a valve-like fashion according to episodic pressure 
build-up makes them inherently hard to identify remotely. Gabrielsen 
and Kløvjan (1997) presented evidence of fractures in Fuglen and 

Hekkingen formations from burial and uplift, but also that the fracture 
frequency is low and the associated risk for hydrocarbon leakage is 
minor. Even when the shales are extracted from the subsurface in cores, 
identifying, sorting and understanding in-situ versus drilling- or 
coring-related fractures in shales is an elaborate process (Gabrielsen and 
Kløvjan, 1997). In settings where shales have experienced burial and 
temperatures corresponding to oil maturity, kerogen accumulations 
could potentially create a type of network during cracking and genera
tion of liquid hydrocarbon from solid organic matter because of suffi
ciently high OM concentrations, and/or due to fractures driven by 
overpressure in smaller pods of organic matter. In turn, the wetting 
phase of this network will be oil, even after expulsion of the generated 
hydrocarbons, and therefore hydrocarbon from the capped reservoir will 
more easily be able to migrate through this source/caprock than through 
the water-wet pore space of an immature shale. There are sections in the 
Gudrun well (15/3–8) where brine sandstone overlies low-TOC, shaly 
Draupne Formation sections, which possibly indicates that such fracture 
networks require a substantial organic matter volume to be influential. 
Fractures and cracks are not accounted for in the rock physics models we 
utilized, but an alternative approach that may help identify sections the 
velocities may be affected in that manner could involve using 
inclusion-based models that parameterize these processes (e.g., Brede
sen et al., 2019). 

5.3. Applications in exploration 

Firstly, the proposed framework can be used to predict caprock 
behavior and causes of leakage. Fig. 13a summarizes schematically the 
trends we can generalize based on our database. As an example of 
comparing data with the template, we plot a thin Bjaaland (7324/8–2) 
prospect seal (dry well/fizz gas) encountered in a well close to the 
Wisting (7324/8–1) discovery (Fig. 13b). This caprock section has a soft 
(clay-rich) signature, appears to be less silty, less brittle and conse
quently less fracture-prone than for instance the Goliat caprock, which 
plotted around the silty clay model (Figs. 10c and 11b–c). The Fuglen 

Fig. 13. (a) Schematic summary of different influences on a “shale” datapoint compared to rock physics template. (b) Caprock data from the Bjaaland well (7324/ 
8–2) located close to proven discoveries in the Barents Sea (i.e., Wisting) show indications of excellent caprock quality. 
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and Hekkingen formation data from the Bjaaland well (7324/8–2) plot 
around the soft clay model, which we as previously mentioned would 
never expect a cemented claystone to follow, consistent with relatively 
shallow maximum burial depth (present burial 0.20–0.25 km BSF). 
Consequently, our interpretation is that the caprock here would likely be 
able to retain oil/gas, given the fulfillment of other trap requirements 
and availability of migrated hydrocarbons. Leakage through faults 
intersecting the reservoir structure is a more likely assertion to explain 
the absence of hydrocarbons. A horizontally drilled well in the nearby 
Wisting discovery lost drilling fluid when crossing such a fault plane, 
which supports the presence of conductive faults in the area (NPD, 
2019). Faults in the Hoop Fault Complex intersecting the reservoir level 
were active as late as Aptian-Albian (Faleide et al., 2019). In a detailed 
study from the Hammerfest Basin, Edmundson et al. (2019) concluded 
that tectonic breaching, i.e., leakage along reactivated faults associated 
with Cenozoic uplift, is by far the most likely mechanism for hydro
carbon escape. Hermanrud et al. (2014) similarly proposed fault in
tersections as the main factor for hydrocarbon leakage after analyzing a 
wide range of structures in the Hammerfest Basin, finding that the only 
structure filled to capacity is one where no fault intersections cut 
through the top reservoir and caprock. Analogous observations were 
made in the study of a Northern North Sea gas discovery (well 35/10–2), 
where leakage again was attributed to fault intersections crosscutting 
the reservoir level, rather than seeing dispersed gas signatures across the 
structure that indicate a fractured seal. Pore pressure data and leak-off 
tests supported the interpretation that the associated caprock should 
not be hydrofractured (Teige and Hermanrud, 2004). In sum, fault 
intersection leakage seems to be a greater risk compared to cap rock 
efficiency and is well documented in the literature. 

Another potential use of the template is assessment of heterogeneous 
reservoirs and potential flow barriers. Since the rock physics models 
appear generally consistent for any clay-quartz combination (cf. Figs. 5 
and 6), they can be used inversely to relate low-permeability reservoir 
sections to velocity and density. This application is only valid for larger- 
scale lithology variations, as a thin clay-rich layer could be below 
seismic resolution, but still have great influence on reservoir connec
tivity, as exemplified by the capillary seal model in Fig. 7. Intrareservoir 
carbonate stringers or carbonate cemented sandstone layers can cause 
similar problems, but these are also typically much too thin for seismic 
characterization and are not evaluated in this study. 

Thirdly, the presented trends can assist in unconventional shale 
characterization. One of the key properties that determine the potential 
of unconventional resources, for instance shale gas or other reservoirs 
that are too tight for conventional production, is the susceptibility to 
hydraulic fracture stimulation. In order to facilitate hydraulic fracturing, 
the target rock must be sufficiently brittle in relation to its mineralogical 
composition, porosity, and compaction. Another requirement for oil 
shale and shale gas reservoirs is a relatively high TOC content. By cali
brating a template similar to Fig. 13a to relevant well log data, prefer
ably coupled with an expression of production efficiency, we can use the 
same framework to evaluate both of these properties simultaneously. As 
an example, data from reservoir sections and nonreservoir sections in 
the Upper Jurassic Haynesville gas shale display average values within 
the bounds of our template (Lucier et al., 2011). An important additional 
consideration is introduced by thermal maturity and gas saturation, and 
the aforementioned applications therefore require calculation of 
gas-corrected velocities and density, e.g., as described by Lucier et al. 
(2011). 

6. Conclusions  

� We have presented a framework for interpreting composition and 
sealing efficiency of shales from acoustic properties, with supporting 
evidence from multiple wells in different regions of the Norwegian 
Continental Shelf.  

� We demonstrate in ρb–VP crossplots that the manner in which shale 
velocity changes compared to bulk density has significance, and can 
help distinguish changes related to mineralogical or organic matter 
content.  
� Upper Jurassic seal quality is generally discarded as a significant risk 

factor for hydrocarbon exploration based on the investigated wells. 
The studied formations appear to have excellent caprock capabilities 
and ability to retain significant oil columns even in areas where the 
primary caprock is silty. Furthermore, clay-dominated Lower 
Cretaceous sequences overlie the immediate seal formations and 
serve as secondary caprocks. Additionally, intermediate gas accu
mulations have been discovered in areas of dramatic net uplift (~2 
km). Consequently, uplift-generated conductive fracturing with a 
frequency sufficient to cause severe leakage of hydrocarbons seems 
unlikely. 
� Poorly consolidated caprock shales may better maintain seal integ

rity after uplift due to more ductile behavior compared to cemented 
shales, given a relatively similar composition. We assume fracturing 
as a prerequisite for any leakage through the Upper Jurassic shale 
section, which may occur in well-consolidated, brittle shales due to 
the low permeability and high capillary entry pressure of clay- 
dominated rocks. Fault intersections should however be considered 
a greater risk in prospect evaluations.  
� Differentiation between gas- and oil-sealing capabilities (which for a 

given seal also depends on the properties of the sealed fluid) does not 
seem plausible directly from elastic properties, which has implica
tions for CO2-storage seal assessments. 
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