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Introduction

Igneous intrusions are common in many sedimentary 
basins worldwide, including the Møre–Vøring basins 
offshore Mid Norway (Planke et al., 2005) and the 
onshore Karoo Basin in South Africa (Svensen et al., 
2012). During sill emplacement, the melt temperature 
is commonly higher than 1100°C, and the sills affect 
the sedimentary host rock by developing contact-
metamorphic aureoles (e.g., Jaeger, 1959; Simoneit et al., 
1978; Aarnes et al., 2010). 

On the local scale, contact metamorphism will alter 
the reservoir properties of the host rock through a 
series of physical-chemical reactions. These include 
the loss of total organic carbon content (TOC) and 
devolatilisation, compaction and density changes, 
increased aromatisation and changes in the carbon 
isotope compositions of the residual organic material 

towards the contact, as listed by Aarnes et al. (2010) 
and references therein. Depending on the background 
maturation and the specific emplacement levels of 
sills, the consequences of intrusions on petroleum 
prospectivity range from positive (in under-mature 
basins) to negative (in over-mature basins; Jones et al., 
2007; Cukur et al., 2010; Holford et al., 2012). Inorganic 
material will undergo contact-metamorphic processes 
including mineral dehydration, decarbonatisation 
and, in some cases, host-rock melting (e.g., Aarnes et 
al., 2010). Mechanical deformation and altered host-
rock properties sometimes lead to enhanced fracturing 
around the intrusion (Chevallier et al., 2001), serving to 
alter the overall reservoir properties, in particular the 
permeability. 

On the regional scale, the emplacement of extensive 
igneous complexes has the potential to compartmentalise 
the reservoir and form baffles, barriers and 
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Igneous intrusions in sedimentary basins are associated with contact aureoles that influence rock properties such as maturation, porosity and per-
meability. On Svalbard, an extensive dolerite complex (i.e., the Diabasodden Suite) was emplaced in a heterolithologic sandstone, siltstone, shale and 
carbonate succession during the Early Cretaceous (c. 124.5 Ma). The sedimentary host rocks include the predominantly siliciclastic, Upper Triassic–
Middle Jurassic Kapp Toscana Group, which is currently being investigated as a storage unit for potential CO2 sequestration in the vicinity of Long-
yearbyen. As part of the baseline reservoir characterisation, a 2.28 metre-thick dolerite sill and its associated contact aureole was drilled and fully 
cored in the lower part of the target aquifer. Geochemical data indicate that the intrusion belongs to the Diabasodden Suite, which also crops out 
18 km from the planned injection site. Samples spanning the contact aureole show significant thermal effects around the thin sill. The total organic 
carbon content is lowered towards the contact (from 1–2 wt.% to zero) accompanied by a reduction of the pyrolysis output and higher Tmax values 
(500°C vs. 320°C). A count of the visual fractures along the Dh4 borehole shows that the sill itself is characterised by a fracture frequency of 8–10 
fractures per metre, well above the background fracturing in the host rock above the sill (0–1 fractures per metre). Increased background fracturing 
(4–10 fractures per metre) is, however, evident in the host rock below the sill. Our results show that the total aureole thickness is 160–195% of the sill 
thickness and that the sill and aureole together represent a six metre-thick geochemical and mechanical perturbation in the sedimentary succession. 
We conclude that even very thin sills and related aureoles may affect the CO2 storage aquifer by locally reducing porosity in the host rock, but also by 
enhancing permeability along the fractured intrusion-host rock interfaces.
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high-permeability fluid-flow pathways (e.g., Smit, 1978; 
Morel & Wikramaratna, 1982; Babiker & Gudmundsson, 
2004; Mège & Rango, 2010). This has implications for 
hydrocarbon exploration (e.g., Lee et al., 2006; Cukur et 
al., 2010; Rateau et al., 2013), groundwater movement 
(e.g., Chevallier et al., 2001; Woodford & Chevallier, 
2002) and anthropogenic storage of CO2 in volcanic 
basins (e.g., Senger et al., 2013). Furthermore, massive, 
regional-scale devolatilisation from contact aureoles may 
have contributed to global climate change and associated 
mass extinctions (e.g., Svensen et al., 2004; Ganino & 
Arndt, 2009; Aarnes et al., 2010; Pang et al., 2013).

On Svalbard, CO2 may be stored in a marginal marine 
to paralic siliciclastic succession affected by magmatism, 
evident as basaltic dykes and sills (Braathen et al., 2012; 
Ogata et al., 2012; Senger et al., 2013). A qualitative and 
quantitative study addressing the impact of the igneous 
intrusions on the reservoir properties is needed in order 
to fully evaluate the CO2 target aquifer. In this paper, 
we present a case study of a drilled and fully cored 
small-scale intrusion (2.28 m thick) and its associated 

aureole, based on a high-quality dataset suitable for 
detailed studies of both the aureole processes and their 
significance on the reservoir-cap rock succession. This 
local case study is subsequently used to predict the 
regional impact of igneous intrusions on the reservoir 
properties within the targeted CO2 storage aquifer.

Site description
Near Longyearbyen, the feasibility of CO2 sequestration 
in a siliciclastic, naturally fractured, heterolithologic 
sandstone unit is currently being explored (Braathen et 
al., 2012; see also other papers in this thematic issue). 
The target successions belong to the Upper Triassic to 
Middle Jurassic Kapp Toscana Group (Braathen et al., 
2012; Ogata et al., 2012). Fieldwork, 2D seismic, magnetic 
and borehole data all indicate that the target aquifer 
is locally intruded by igneous bodies belonging to the 
Diabasodden Suite (Nejbert et al., 2011; Senger et al., 
2013‚  Senger et al., 2014), with emplacement recently 
constrained to 124.5 Ma by U–Pb dating (Corfu et al., 
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Figure 1. Geological map and location setting of the study area and the investigated Dh4 borehole. Due to the regional southwesterly dip, the 
 section drilled in Adventdalen is exposed at the surface 15–20 km to the northeast. Note the presence of numerous igneous bodies (red) within the 
planned CO2 storage aquifer (Kapp Toscana Group). The geological map is adapted from the Norwegian Polar Institute’s geological map (Major et 
al., 1992), with the colour coding corresponding to the simplified stratigraphic framework after Dallmann et al. (1999). Dolerites are marked in red 
whereas the main faults are labelled by solid and dashed blue lines.
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degrees, WGS84 datum), intersected igneous sills. 
Sampling and logging was conducted in Longyearbyen in 
2010 and higher resolution resampling was done in 2012. 
The main target was a 2.28 m-thick dolerite sill at 949.71–
951.99 m depth and the surrounding contact aureoles. 
Minor intrusions (<0.5 m thick) are present 50–100 
m above the sampled intrusion at 950 m, thus other 
sills do not overprint the sampled contact aureole. One 
dolerite sample from the central part of the sill (951.2 
m depth) was analysed at Royal Holloway, University 
of London, for both minor and major elements using 
ICP–MS (results presented in Table 1; method used and 
described by Peters et al., 2008). Visual fracture mapping 
of the entire potential storage unit from 672 to 972 m 
was conducted as part of the comprehensive reservoir 
characterisation (Ogata et al., 2012). Fieldwork along the 
Deltaneset–Diabasodden coastline, approximately 18 km 
northeast of the Dh4 borehole, was conducted to map 
the exposed part of the De Geerdalen Formation and to 
characterise the exposed intrusions. 

We collected a total of 33 samples of the contact aureole 
and surrounding sediments, targeting shale. Selected 
shale laminae were separated from the samples in order 
to obtain representative total organic carbon (TOC) 
contents, Rock-Eval analyses and bulk δ13C analyses 
on the organic carbon. No petrographic analyses were 
conducted at this stage. The geochemical analyses 
were performed at the Institute for Energy Technology 

2013). In this article, we use the term ‘dolerite’, following 
Imperial College (2013), to refer to the medium-
grained, intrusive equivalent of basalt. The term ‘diabase’ 
is often used as a synonym for dolerite by American 
geologists, but is generally applied to altered dolerites in 
Europe. The Diabasodden Suite intrusions are mapped 
throughout central Spitsbergen (Fig. 1) and typically 
form layer-parallel sills, from less than 1 m to 50 m thick, 
as well as discordant dykes, commonly metre-scale thick. 
A 2.28 m-thick intrusion was drilled and fully cored 
near the base of the Dh4 borehole at 949.71–951.99 m 
depth beneath Adventdalen (Dh4 spud elevation is at 8 
m above sea level). In addition, a high-amplitude seismic 
reflection, interpreted as a sill, is identified at 50–100 ms 
(equivalent to 100–200 m assuming a P-wave velocity of 
4 km s-1) beneath the base of the Dh4 borehole at 972 m 
(Fig. 2). This intrusion and its configuration is analogous 
to field observations conducted within the equivalent 
exposed stratigraphic interval at Hatten, approximately 
18 km northeast of the Dh4 borehole (Fig. 3). 

Methods and data
As part of an ongoing CO2 storage project, eight slimline 
boreholes have been drilled and cored to various depths 
in Adventdalen, central Spitsbergen (Braathen et al., 
2012; Ogata et al., 2014). Only the deepest borehole, Dh4 
(location: 15.827445 east, 78.2024947 north, decimal 
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Figure 2. Seismic and stratigraphic setting of the intrusion penetrated by the Dh4 borehole. (A) The onshore 2D seismic line (NH8802–03) illus-
trates a high-amplitude reflection below the base of the Dh4 borehole. The lowermost dolerite at 949.71–951.99 m depth (corresponds to c. 530 ms 
twt) is analysed in this contribution. The time-depth relationship of the well is constrained by a vertical seismic profiling survey down to 600 m 
depth (Bælum et al., 2012). (B) The stratigraphic column of Dh4 is adapted from Ogata et al. (2012).
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(IFE) and APT in Kjeller, Norway. Samples for TOC 
measurements were hand crushed in a mortar and HCl 
was added to remove carbonates. The samples were 
then placed in a Leco SC-632 combustion oven and the 
carbon measured as carbon dioxide by an IR-detector. 
A Rock-Eval 6 instrument for pyrolysis and Jet-Rock 1 
was run as a standard between every tenth sample and 
checked against the acceptable range given in NIGOGA 
(Weiss et al., 2000). Rock-Eval is a standard technique 
used for source rock discrimination in the petroleum 
industry, and is described in numerous publications (e.g., 
Espitalie et al., 1980; Peters, 1986; Sykes & Snowdon, 
2002; McCarthy et al., 2011). In essence, the technique 

subjects the rock samples (100 mg samples are sufficient) 
to high temperatures under an inert atmosphere of 
helium or nitrogen, as detectors monitor the release of 
organic compounds, CO and CO2, at progressively higher 
temperatures (McCarthy et al., 2011). In this study, the 
temperature was increased from 300°C (3 min) by 25°C 
min-1 steps until 650°C. The derived parameters, S1, S2, 
S3 and Tmax are derived from the pyrogram chart, and 
are presented in Table 2. These terms are described by 
McCarthy et al. (2011) and are only briefly covered here. 
The two peaks, S1 and S2, correspond to hydrocarbons 
already generated but only expelled during pyrolysis, 
and hydrocarbons that the source rock may still produce 

Figure 3. Fracture patterns around a thin dolerite intrusion exposed east of Hatten, approximately 18 km from the Dh4 borehole. (A) Photograph 
and line drawing of the outcrop. Note particularly the pervasive fracturing perpendicular to the sill-host rock interfaces. Person for scale. (B) Detai-
led view of a slickensided surface along a low-angle (<45°) fracture in the middle of the outcrop (see A for location). (C) Stereonet of low-angle 
fractures (<45°) measured along two scanlines (BC–KS–1 and BC–KS–3) across the outcrop. These low-angle fractures are thought to represent 
layer-parallel shortening structures related to the Palaeogene contraction of West Spitsbergen (e.g., Braathen et al., 1999). The red arrow illustrates 
the transport direction inferred on the basis of the dip-slip trend of the striations. (D) Sedimentological log illustrating the setting of the small-scale 
sills within the lower part of the De Geerdalen Formation. The log was extracted from a regional composite log presented by Ogata et al. (2014).
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if thermal maturation continues, respectively. Tmax 
represents the pyrolysis oven temperature at the time 
of maximum generation of hydrocarbons. The derived 
parameters are subsequently used to calculate a suite of 
indices to aid source rock characterisation, including the 
hydrogen index (HI = 100 x S2 / TOC) and oxygen index 
(OI = 100 x S3 / TOC).

Organic carbon isotopes were measured on 12 shale 
samples. The shale samples were ground and 50 mg of 
powder were treated with 5 ml portions of 2N HCl for 
decarbonatisation. This process was repeated until all 
CO2 was released. The samples were then cleaned with 

portions of 5 ml distilled water until neutral pH was 
reached and then dried in an oven at 80°C overnight. 
The samples were weighted and transferred to 9 x 15 
mm tin capsules. Approximately 5 mg of the samples 
were used. The combustion of the samples was done in 
the presence of O2 and Cr2O3 at 1700°C with a Carlo 
Erba NCS 2500 element analyser. H2O was removed on 
a chemical trap of KMnO4 before separation of N2 and 
CO2 on a 2 m Poraplot Q GC column. CO2 was directly 
injected online to a Micromass Optima, Isotope Ratio 
Mass Spectrometer for determination of δ13C. USGS24 
and an internal reference graphite were analysed together 
with the samples to establish a two-point calibration 
curve. Results are reported in δ notation, as per mil (‰) 
deviation relative to the VPDB standard (Table 2). The 
precision for δ13C is 0.1‰ (2 sigma).

Results

Dolerites on Svalbard: regional to local perspective

Apart from drilling by Dh4, dolerites are identified in 
the study area using seismic data and recognised in the 
exposed reservoir section cropping out at Deltaneset. 
Seismic data collected onshore show a high-amplitude 
reflection approximately 50–100 ms (equivalent to 100–
200 m assuming a P-wave velocity of 4 km s-1 reported 
by Bælum & Braathen (2012)) beneath the base of the 
Dh4 borehole, suggesting the presence of a seismic-
scale dolerite sill (Fig. 2). Regional seismic studies clearly 
indicate that seismic-scale sills are present in the Kapp 
Toscana Group CO2 target aquifer, and particularly in the 
lowermost one-third of the reservoir (Bælum et al., 2012; 
Senger et al., 2013). Numerous thin, subseismic, dolerite 
sills in Dh4 are not identifiable on seismic profiles since 
they are below seismic resolution, but are easily identified 
due to the full borehole cored section. In addition, 
dolerite sills and dykes of similar size are identified in 
outcrops of the reservoir section near Diabasodden, 
approximately 20 km northeast of the planned injection 
site (Fig. 3). Furthermore, at least one doleritic dyke 
extends through the entire reservoir unit and partly 
into the cap-rock shales at Botneheia (see Fig. 1 for 
location). Fracturing in a similarly sized sill at outcrop 
scale, as illustrated by Fig. 3, reveals a predominance of 
contact-perpendicular fractures, likely to be related to 
cooling phenomena. In addition, low-angle fractures, 
some with slickensided surfaces revealing a reverse 
dip-slip movement, are evident in the lower sill at the 
same outcrop (Fig. 3B), consistent with layer-parallel 
shortening. Measured striation orientations suggest a 
northeasterly transport direction (red arrow in Fig. 3C), 
correlating with the development of the West Spitsbergen 
fold-and-thrust belt in the Palaeogene (e.g., Braathen et 
al., 1999). A thin (c. 0.4 m) sandstone layer sandwiched 
between the two intrusions is clearly hardened by contact 
metamorphism, and displays a qualitatively higher 
fracture frequency than in the overlying sill (Fig. 3A). 

 

Table 1.   Geochemistry of the Dh4 dolerite compared to published 
data from Nejbert et al. (2011). 

Dh4 Nejbert et al. (2011)

unit 951.2m Average Range

SiO2

w
t.%

 o
xi

de

48,56 47,92 45.96–49.20
TiO2 2,94 3,53 3.06–3.72
Al2O3 13,14 13,20 12.86–13.62
Fe2O3 13,95 14,98 14.41–15.78
CaO 9,09 8,84 7.70–9.32
MgO 5,40 4,90 2.85–6.07
MnO 0,23 0,19 0.12–0.21
K2O 0,66 0,64 0.22–0.93
Na2O 2,20 2,43 2.32–2.73
P2O5 0,32 0,36 0.32–0.41

Sr

pp
m

263 331 286–394
Y 38,8 47 43–51
Zr 207 234 206–245
Nb 11,5 12 11–13
Ba 180 147 94–241
La 15,6 17 16–18
Ce 38,4 45 40–48
Pr 5,72 7 6–7
Nd 27,5 31 30–33
Sm 7,94 8 7–8
Eu 2,32 3 2–3
Gd 8,52 9 8–10
Tb 1,23 2 2
Dy 8,10 8 8–9
Ho 1,57 2 1–2
Er 4,32 4 4–5
Tm 0,51 1 1
Yb 3,70 4 4
Lu 0,54 1 1
Hf 7,06 7 6–7
Ta 1,72 1 1
Pb 2,91 2 1–4
Th 3,06 3 2–4
U 0,60 1 1
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The limited outcrop extent prevents a direct comparison 
of the fracturing in the sandwiched sandstone to 
background fracturing. The metamorphosed host rock 
lying directly above the sill is highly fractured (Fig. 3A), 
but this is thought to have been highly disturbed by the 
sill’s emplacement.

The analysed dolerite sill was drilled and cored in the 
Dh4 borehole, and is located at 949.71–951.99 m depth. 
The geochemical composition of the sill is broadly 
similar to the published data from the Diabasodden 
Suite samples (e.g., Shipilov & Karyakin, 2010; Nejbert 
et al., 2011), suggesting that they belong to the same 
basaltic system (Table 1, Fig. 4). In hand sample, the 
dolerite is fine- to medium-grained, consisting primarily 
of plagioclase laths with clinopyroxene aggregates, and 

resembles the outcrop exposures of the Diabasodden 
Suite also described by Nejbert et al. (2011). The sill is 
characterised by sharp upper and lower contacts with 
the baked sediments, with a 2 cm-thick glassy margin 
at its base (Fig. 5A), and was emplaced along bedding 
into a predominantly massive black shale with thin-
bedded siltstone layers. Below the sill, the host rock 
comprises more massive black shale with fewer siltstone 
laminations, and with rare calcite veins. 

Core logging shows a visible bleached aureole on both 
sides of the sill (Fig. 5). The bleached zone extends 2.09 m 
above the sill, and 1.6 m below the sill. The bleached zone 
includes an inner hornfels zone, which is 0.33 m thick 
above the sill and 0.59 m thick below the sill. Here we 
define the term hornfels as ‘hard, flint-like and bleached 

Table 2.   Summary of the Rock-Eval, TOC and isotope analyses of the aureole samples from the Dh4 borehole in Adventdalen, Svalbard.

Depth 
metres

S1 
mg HC/
g rock

S2
mg HC/
g rock

S3
mg HC/
g rock

Tmax 
°C

HI 
mg HC/
g TOC

OI
mg CO2/

g TOC

TOC
wt. %

TOC δ13C
permil
VPDB

943,43 0,11 0,14 0,04 504 18 5 0,79
944,01 0,27 0,36 0,06 338 41 7 0,89
944,48 0,23 0,30 0,03 311 26 3 1,14
945,22 0,22 0,49 0,36 416 34 25 1,45
945,67 0,34 0,38 0,03 340 29 2 1,30
946,22 0,2 0,4 0,26 404 30 19 1,35
946,70 0,31 0,37 0,03 342 39 3 0,95
947,00 0,25 0,46 0,27 397 52 30 0,89 -27,21
947,60 0,45 0,61 0,29 413 72 34 0,85
948,10 0,36 0,58 0,19 405 68 22 0,85 -26,74
948,47 0,17 0,24 0,35 342 49 72 0,49 -26,68
948,70 0,05 0,11 0,33 411 27 81 0,41
948,90 0,05 0,16 0,75 504 26 121 0,62
949,10 0,05 0,18 0,17 414 31 29 0,58
949,28 0,07 0,24 0,22 411 43 39 0,56 -27,58
949,40 0,03 0,09 0,21 405 23 53 0,4
949,50 0,05 0,13 0,33 412 29 73 0,45 -24,89
949,62 0,05 0,1 0,32 506 21 67 0,47
949,68 0,02 0,08 0,29 492 22 81 0,36 -24,71
949.71–951.99 igneous intrusion
952,00 0,02 0,06 0,15 505 17 43 0,35 -25,32
952,08 0,08 0,25 0,13 420 29 15 0,87 -26,01
952,20 0,05 0,17 0,6 508 27 96 0,63 -25,04
952,30 0,06 0,14 0,23 506 26 43 0,54
952,45 0,06 0,21 0,24 402 26 29 0,82
952,64 0,06 0,16 0,08 504 26 13 0,63 -25,34
952,96 0,05 0,18 0,15 508 28 23 0,65
953,35 0,14 0,32 0,24 491 30 22 1,08
953,84 0,11 0,26 0,21 494 33 27 0,79 -25,87
954,50 0,11 0,23 0,27 493 26 31 0,87 -25,88
955,00 0,46 0,67 0,37 331 47 26 1,43
955,45 0,51 0,68 0,12 327 46 8 1,49
956,00 0,94 1,00 0,05 338 67 3 1,49
956,50 0,75 0,79 0,06 325 66 5 1,20
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of the intrusion. The fractures generally fall into two 
main groups: (1) steep fractures (dip angle >60–70°) 
characterising the 949.5–956.0 m interval, and, (2) low-
angle fractures (dip angle <40°) present particularly 
around the two main fracturing peaks at around 950.5 m 
and 955 m (Fig. 5A).

Aureole geochemistry

Plotting the geochemical data from the aureole along 
with the geological log illustrates the construction of 
the thermal aureoles above and below the sill (Fig. 
6; data presented in Table 2). The TOC is decreasing 
symmetrically towards the intrusion contacts to a 
minimum of <0.5 wt.% on either side of the intrusion. 
Note that the background TOC varies from 0.75 to 1.5 
wt.% on either side of the sill. The other geochemical 
data illustrate the thermal effects from the intrusion. 
The Rock-Eval parameters, including HI, S2 and Tmax, 
are described in the Methods and data section above, 
as well as in the literature (McCarthy et al., 2011). Both 
the hydrogen index (HI; mg HC/g TOC) and the S2 
(mg HC/g dry rock) decrease symmetrically towards 
the intrusion, but notably the background host-rock 
data suggest high background variability. The Rock-Eval 
oven temperature at maximum release of hydrocarbons 
during pyrolysis, the Tmax, is expected to increase in the 
aureole, but our data do not show a clear trend. Tmax is 
consistently c. 300°C in the unaffected host rock below 
the sill, but displays considerable variation from 311°C to 
504°C above the sill. Within the contact aureole, there is 
a predominance of higher Tmax (492°C to 508°C) within 
0.5–1 m of the sill, but with no clear trend towards the 
intrusion. Furthermore, some samples in this interval 
suggest a much lower Tmax, of approximately 400°C. 
The reason for this scatter could be the relatively low 
organic content in the samples, which may bias the Tmax 
determination by Rock-Eval pyrolysis that is inherently 
optimised for samples with at least some organic content. 
There is a decrease in TOC from 1.35 wt.% to 0.79 wt.% 
from 946.2 to 943.5 m, reversed with respect to the trend 
of decreasing TOC towards the intrusion. This decreasing 
trend is also evident in the S2 and the calculated 
hydrogen index. The trend is based on four samples 
over a 2.7 m-long interval, and we currently attribute 
this trend to heterogeneity within the background 
TOC content. Denser sampling, as conducted in the 
vicinity of the intrusion, would be required to fully 
classify the background TOC distribution. Finally, a 
small fractionation in δ13C of about 1.5‰ to heavier 
values in the organic matter is evident immediately 
(<0.5 m) adjacent to the intrusion. This indicates that 
isotopically light carbon was removed from the aureole. 
Fractionation of this magnitude is common in contact- 
metamorphic sedimentary rocks, but note that thicker 
sills and higher aureole temperatures do not result in 
greater fractionation. This shift is evident in two samples 
immediately above the intrusion, and partly evident in 
four samples below the intrusion (Fig. 6). However, there 

contact-metamorphic sedimentary rock adjacent to the 
intrusion, as identified in hand sample’. In the shale-
dominated host rocks, the hornfels zone is primarily 
identified on the basis of colour, with the removal of clay 
minerals during contact metamorphism reflected by a 
whitish-grey colour next to the intrusion. This colour 
change is best illustrated in the core photographs in Fig. 
5, which also indicates the increase in the silt component 
of the host rock above the intrusion. The ‘visible 
aureole’ is the part of the aureole where the sediments 
show clear indications of contact metamorphism and 
metasomatism, such as reaction zones around carbonate 
nodules or colour change (dark to lighter colours) due to 
loss of organic carbon and the formation of calc-silicate 
minerals. The contact of the visible part of the aureole to 
the surrounding host rock is gradational.

Fractures

Fractures are present both within and around the 
intrusion. Natural fractures are commonly coated with 
calcite and subordinate pyrite, locally displaying polished 
and slickensided surfaces. Calcite veining is particularly 
common at the sill-host rock interfaces (Fig. 5A). Such 
calcite-coated fractures have also been identified at a 
nearby outcrop of a similarly sized sill (Fig. 3). 

A visual-fracture count illustrates the enhanced 
fracturing near the sill compared to the background 
fracturing along the Dh4 borehole. A maximum fracture 
frequency of 12 fractures per metre (f m-1) is evident near 
the top of the intrusion, contrasting with the overlying 
host rock which displays a steady background fracture 
frequency of 0–1 f m-1. A secondary peak in fracture 
frequency (up to 9 f m-1) is evident 3 m below the base 
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Discussion

General setting and burial history

In this study, we have investigated the contact- 
metamorphic effect of a thin, dolerite sill on a siliciclastic 
reservoir. During the Early Cretaceous, at the time of 
magmatic emplacement, this reservoir was buried to c. 1 
km depth and likely exhibited good to very good matrix 
porosity and permeability. At present, the reservoir 
exhibits low-moderate matrix porosity and primarily 
fracture-controlled permeability, both a result of deep 
burial and associated diagenetic processes (Braathen et 
al., 2012; Ogata et al., 2012; Mørk, 2013).

To set the scene for the discussion of our data, a simple 
burial curve, following Michelsen & Khorasani (1991), 
of the considered rocks is presented in Fig. 7. The 
burial curve is primarily based on vitrinite reflectance 
of Devonian–Cenozoic coals sampled throughout 
Spitsbergen, integrated with known geochemical/
geological/geophysical data (Michelsen & Khorasani, 
1991). The Dh4 igneous intrusion was emplaced at 
c. 1 km depth 124.5 Ma ago (Corfu et al., 2013), in a 
period of continuous subsidence since the deposition 
of the host-rock sediment during the Late Triassic–Mid 
Jurassic. Subsidence significantly increased following the 
development of the West Spitsbergen fold-and-thrust belt 
(WSFB) and the development of the associated foreland 

is also a compositional variation in the TOC on the same 
order of magnitude between samples away from the 
intrusion (but still within the aureole) above and below 
the sill, and only one sample outside the contact aureole 
was analysed for δ13C.

In summary, the thermal aureole consists of a visible part, 
characterised by a whitish colour next to the intrusion 
associated with the removal of clay minerals during 
contact metamorphism, and a somewhat thicker zone 
based on the geochemical data. We show that the visible 
aureole, including the clearly visible inner hornfels zone, 
is 2.09 m thick above and 1.6 m thick below the sill, e.g., a 
total aureole thickness of 160% of the sill thickness (Fig. 
6). The geochemical data suggest that the lower aureole 
is approximately 0.78 m thicker, which would give a total 
aureole thickness of c. 195%. Note that the outer limits 
of the contact aureole cannot be defined precisely since 
we do not have access to exactly the same sedimentary 
sequence without the sill. Thus, it is not possible to 
distinguish between natural background variations and 
changes attributed to contact metamorphism at distances 
approaching one sill thickness. 
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basin, the Central Spitsbergen Basin (Braathen et al., 
1999). During the Late Palaeogene, the Kapp Toscana 
Group host rocks were buried to >3 km depth. Assuming 
a geothermal gradient of 30°C km-1, this would equate 
to over 90°C. Diagenetic processes, including pervasive 
quartz cementation, testify to a deep, prolonged burial 
(Mørk, 2013). Subsequent rapid regional uplift (e.g., 
Henriksen et al., 2011) exhumed large parts of the 
Barents shelf, leading to the erosion and removal of much 
of the overburden and exposing the Kapp Toscana Group 
at the surface in Central Spitsbergen.

Geometry of the igneous complex

The overall geometry of the intrusion is difficult to 
confirm due to its occurrence in one borehole only 
and its subseismic size. The drilled intrusion in Dh4 
is, however, linked to the exposed dolerites of Central 
Spitsbergen by stratigraphic correlation of the host 
rock to its surface exposure 18 km northeast of the 
injection site (Ogata et al., 2012). As shown in Fig. 2, a 
large seismic-scale intrusion is likely present at c. 1000 m 
depth, but the relationship between this large sill and the 
Dh4 intrusion is not clear. Fig. 8 illustrates two possible 
scenarios for linking the intrusions. The subhorizontal 
upper and lower dolerite-host rock contacts in Dh4 
(Fig. 5A) indicate a sill rather than a dyke, though the 
thin core diameter (28 mm) may mask local contact-
zone irregularities. Based on the fracturing pattern 
(predominantly moderate- to high-angle fractures in the 
intrusion) and field exposures near Hatten, the small-
scale sill geometry (‘A’ in Fig. 8) is considered more likely. 
The presence of high-angle fractures in the slim-hole 
cores is of special significance, which has a bias towards 

representing subhorizontal fractures intersecting the 
vertical borehole. The horizontal fracturing frequency 
in doleritic sills is thus thought to be greater than the 
vertical fracturing frequency, as also shown from outcrop 
studies (Ogata et al., 2014).

Aarnes et al. (2011) have, on the basis of geochemical 
analyses of drilled sills in the Karoo Basin and numerical 
modelling, shown that stacked sills have the potential 
for generating up to 35% more CH4 than for two 
separate sills with the same total thickness. This may 
have implications for the lower part of the succession 
on Svalbard, where thicker sills are interpreted on the 
seismic data. 

Nonetheless, the extent and the geometry of the igneous 
complex determine which parts of the CO2 target aquifer 
will be affected by contact metamorphism. In this 
context, Senger et al. (2013) identified a range of igneous 
features (e.g., sills, dykes, saucer-shaped intrusions) 
within the study area, with the majority of these located 
in the lower third of the CO2 target aquifer (equivalent 
to 850–970 m depth in Dh4). The presence of a thin (c. 
5 m) dyke at Botneheia, extending through the entire 
Kapp Toscana Group into the overlying Agardhfjellet 
Formation cap-rock shales, illustrates that the entire 
thickness of the target aquifer is likely to be locally 
affected by small-scale intrusions and their associated 
contact aureoles. Dykes are nonetheless thought to 
generate smaller contact aureoles compared to sills of 
corresponding size, partly due to the enhanced heat loss 
by rapid upward magma propagation, provided that the 
dyke does not represent a feeder system with long-term 
magma propagation. Dykes are nonetheless important 
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on which parameters are used to constrain it, with the 
visible aureole 3.69 m thick (160% of the sill thickness) 
and the aureole based on the geochemical data 4.47 m 
thick (195% of the sill thickness).

The contact-metamorphic aureole around the intrusion 
is particularly well defined by the loss of TOC on either 
side of the intrusion (Fig. 6). We argue that gradual loss 
in TOC towards the contact represents an aureole effect 
and not the natural variability in the sedimentary rocks. 
This is supported by the other available data such as the 
pyrolysis results and the carbon isotope fractionation. 
Moreover, our data support the idea that devolatilisation 
and carbon-gas generation and release occurred during 
the heating event. 

The aureole processes acting on the host rock during 
contact metamorphism are well documented in literature 
(e.g., Aarnes et al., 2010 and references therein). In 
essence, sediment heating leads to the release of (1) pore 
water, (2) organic carbon, and (3) mineral-bound CO2 
and H2O. This leads to higher pore pressures that direct 
fluid flow down the temperature gradient and ultimately 
lead to hydro-fracturing and pulsed fluid flow. During 
the metamorphic process, the sedimentary rocks convert 
to hornfels, accompanied by a volume reduction. In 
addition, the changing stress field associated with the 
intruding magma leads to the generation of numerous 
fractures within the host rock (e.g., Delaney et al., 1986), 
some of which are subsequently utilised by precipitating 
metasomatic fluids. Water-rock reactions are manifest 
in this case study by the presence of predominantly 
calcite-filled fractures associated with intrusions at 
numerous levels in the Dh4 borehole. Furthermore, the 
aureole processes ultimately lead to a local redistribution 
of predominantly matrix porosity/permeability prior 
to magmatic activity, to fracture-restricted porosity/
permeability.

The development of a clear contact aureole is likely 
enhanced by the host rocks consisting of siliciclastic 
lithologies with an initially moderate to high porosity, 
which has only been reduced by deep burial and 
associated cementation in the Palaeogene (Mørk, 2013). 
Such aureoles are also illustrated by Aarnes et al. (2010), 
who, on the basis of numerical modelling and a review 
of 36 aureole case studies, concluded that aureole 
thicknesses vary between 30% and 200% of the intrusion 
thickness. In this well-sampled case study of a thin 
intrusion, the total aureole thickness appears to be either 
approximately 160% of the sill thickness (visual contact 
aureole) or approximately 195% (based on geochemical 
data). 

While thermal stresses are typically evident at distances 
of up to twice the thickness of the intrusion (e.g., Dow, 
1977), more recent studies (e.g., Finkelman et al., 1998; 
Zhu et al., 2007; Mastalerz et al., 2009) report numerous 
intrusions with unusually thin contact aureoles (<50% 

within a reservoir where they are more likely to channel 
fluid flow rather than generate thick contact zones 
affecting reservoir properties.

Aureole processes and organic geochemistry

The thermochemical processes related to contact 
metamorphism are a function of several key parameters, 
including magma temperature, host-rock temperature 
and depth, intrusion thickness and the duration of 
emplacement (e.g., Aarnes et al., 2010). Commonly, only a 
few of the key parameters are given in papers on contact 
metamorphism and there is usually no consistency 
in what parameters are chosen to define the aureole 
thickness. For instance, Barker & Bone (1995) reported 
minimal contact metamorphism of shallow carbonate 
around a 2.2 m-thick dyke, where the aureole thickness 
was defined only by solid bitumen reflectivity. Other 
parameters that are typically used to define the aureole 
thickness include vitrinite reflectance, TOC, Rock-Eval, 
gas chromatography, mineralogical data and elemental 
data (Aarnes et al., 2010 and references therein). 

Organic geochemistry, borehole observations and 
fracture patterns mapped at outcrop analogues 
collectively indicate that even the relatively thin (2.28 m) 
intrusion in Dh4 has led to the development of a contact-
metamorphic aureole. The development of the aureole, 
and particularly the colour change of the host-rock shale 
from whitish-grey near the intrusion to dark grey away 
from the intrusion, is attributed to numerous contact-
metamorphic processes including devolatilisation, 
mineral dehydration and decarbonatisation (e.g., Aarnes 
et al., 2010, 2011). The thickness of the aureole depends 
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of the intrusion thickness). Our results contrast with 
the outcrop-based study of Barker & Bone (1995), who 
studied a 2.2 m-thick Late Eocene dyke within Devonian 
limestones and found its contact-metamorphic aureole 
to be minimal, primarily due to prior burial heating of 
the host rocks above >200°C and shallow emplacement 
in low-porosity cold host rocks. In contrast, the studied 
2.28 m-thick intrusion was emplaced at approximately 
1 km depth into siliciclastic rocks with moderately high 
porosity, which has only been reduced by later deep 
burial and associated cementation in the Palaeogene. 
The comparison between these two cases is relevant 
as a case of how intrusion geometry (sill vs. dyke), 
host-rock composition, background temperature and 
measurement methods affect contact metamorphism 
and interpretations of the aureole. This is also evident 
from a study of a 4 m-thick sill intruded into organic-
rich Silurian shales in the Barrandian Basin of the Czech 
Republic by Suchý et al. (2004), which suggests that 
detectable alteration is first evident at 70–80% of the sill 
thickness, and that the thermal perturbation was short 
lived. However, numerical modelling would be required 
to constrain which governing factors (emplacement 
duration, magma temperature, host-rock temperature, 
host-rock composition, etc.) are critical for any given 
case study. It follows that a full geological understanding 
of the intrusion chronology and duration, as well as pre-
intrusion host-rock properties, must be ascertained to 
fully appreciate the nature and extent of the contact-
metamorphic processes. 

Fracturing and overall impact on reservoir properties 
and CO2 sequestration

On the regional scale, igneous intrusions have been 
shown to significantly affect migration pathways by 
channelling of fluid flow (Rateau et al., 2013). Numerous 
studies have addressed contact metamorphism around 
individual intrusions (Aarnes et al., 2010 and references 
therein), though very few focus on quantifying the effect 
of the intrusion on the reservoir properties of the host 
rock. Such reservoir properties, notably porosity and 
permeability, must be considered particularly when the 
host rock is utilised, such as for CO2 sequestration or by 
hydrocarbon exploration and exploitation.

This study demonstrates that even minor intrusions 
such as the 2.28 m-thick sill affect the surrounding host 
rock through contact metamorphism. In our case, the 
TOC-derived aureole is up to double the thickness of 
the intrusion itself. This is slightly higher than estimates 
reviewed in Aarnes et al. (2010), where thin sills are 
shown to generate aureoles about half their size (e.g., 
Saxby & Stephenson, 1987; Meyers & Simoneit, 1999). 

As shown in this case study, contact metamorphism leads 
to the development of a localised hornfels zone at the 
intrusion-host rock interfaces. Here we broadly define 
the hornfels zone as the metamorphosed host rock 

clearly distinguished by the naked eye. The hornfels zone 
is characterised by a reduction in porosity, a reduction 
in TOC, and an increase in P-wave velocity. Porosity 
reduction is particularly important in siliciclastic 
rocks (i.e., reservoir rocks), while TOC reduction is of 
importance in source rocks, leading to over-maturation 
of potential source rocks. These changes ultimately 
impact the reservoir in two ways: (1) local loss/
redistribution of ‘reservoir space’, and, (2) development 
of baffles, barriers and permeability pathways along 
the intrusions (e.g., Mège & Rango, 2010; Rateau et al., 
2013). Depending on reservoir configuration, intrusion 
geometry and intrusion density, the local porosity 
reduction may be insignificant in the broad picture, 
and porosity may be transferred from the host rock’s 
pore network to the fractures formed during magma 
emplacement. The development of a regional igneous 
framework may, however, exert significant control on 
the regional fluid flow, and lead to compartmentalisation 
(e.g., Rateau et al., 2013). This dual effect of intrusions 
affecting the reservoir both at the local and the regional 
scale requires a focused effort combining structural data 
on the regional intrusion geometry and the fracturing 
at intrusion-host rock interfaces, coupled with aureole-
thickness determination as presented in this case study.

In our case study, the increased fracturing around 
the intrusion is illustrated in Fig. 5. The background 
fracturing pattern is minimal, particularly above 
the intrusion. The drillcores were unfortunately not 
oriented, thus preventing the determination of fracture 
orientations and comparison with the regional tectonic 
stresses (Ogata et al., 2012). However, the dip angle 
could be determined for each fracture. The increased 
amount of high-angle (>80°) fracturing in the host rock 
immediately above the igneous intrusion suggests a 
direct link to magma emplacement and the mechanical 
contrast of intrusion-host rock during Palaeogene 
tectonism associated with the development of the West 
Spitsbergen fold-and-thrust belt. Increased fracturing 
within the intrusion itself, on the other hand, is thought 
to be related to cooling effects in which fractures are 
typically aligned perpendicular to the intrusion-host 
rock interface (Hetényi et al., 2012). Distinguishing the 
fractures based on their mode of formation is not trivial, 
and in this study is achieved mainly by the fracture 
orientation and fracture appearance, with the outcrop 
in Fig. 3 serving as an analogue to the drilled intrusion. 
Fractures aligned perpendicular to the intrusion contacts 
are considered to be cooling joints. Fractures aligned 
within the regional stress field, some of which display 
slickensided surfaces, are, on the other hand, related to 
tectonic movement and overprint the intrusion-internal 
fracturing.

Igneous intrusions, particularly layer-discordant dykes, 
have been shown to exert significant control on local 
to regional subsurface fluid flow. In their unweathered 
state, dykes may act as baffles and barriers preventing 
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• On the regional scale, the intrusions may nonetheless 
contribute to enhanced fluid flow channelling along 
the highly permeable, fractured, intrusion-host rock 
contact zones, and thereby affect the permeability 
field. A dyke cutting the cap rock-reservoir interface 
at Botneheia illustrates that the igneous intrusions 
must be taken into account when predicting fluid flow 
through the target aquifer.
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