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Introduction

Industrial emissions of CO2 into the atmosphere are 
now recognised by international scientific panels to 
be probably  the single most critical factor driving the 
impending global climatic warming. It is thus urgent 
to reduce the emissions, and an immediate counter
measure widely considered is the sequestration of CO2 in 
underground porous rocks used as storage reservoirs. The 

Longyearbyen CO2 Lab of Svalbard, Norway, is one of the 
demonstration projects currently carried out worldwide 
with the purpose to learn more about the CO2 behavi
our in highpressure conditions and to assess the storage 
and sealing capacity of local subsurface rock successions. 
These pilot projects are meant to provide a foundation for 
worldwide commercial ventures of CO2 sequestration for 
at least the nearest 10,000 years (Lindeberg, 2003; Bachu et 
al., 2007). The lessons learned from projects like this one 
will guide the planning of required workflow and identify 
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of central Spitsbergen—the main island of the Svalbard 
archipelago at the northwestern margin of the Barents 
Sea Shelf (Figs. 1 and 2)—where surface water is used for 
the domestic watersupply system. A coalburning, single 
power plant in Longyearbyen provides both electricity and 
hot water, and supports the city’s entire housewarming 
system of radiators. 

the main challenges. The key issues in a CO2sequestration 
project include detailed assessment of the properties of 
potential reservoir rocks, their fluid retention capacity 
and caprock sealing strength (Korbøl & Kaddour, 1995; 
Bachu et al., 2007). Another major issue may be conflicts 
related to the use of land and groundwater, although this 
is a minor problem in the present case. Longyearbyen is 
a small city (population ~2000) in the polar wilderness 
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Figure 1. (A) The location of Svalbard in the Barents Sea Shelf with major basement-rooted fault zones. (B) The geotectonic domains of south- 
central Spitsbergen; note the line of cross section shown below. (C) Simplified E−W geological cross section through central Spitsbergen (modified 
from Bergh et al., 1997). 
Abbreviations: BFZ–Billefjorden Fault Zone, FG–Forlandssundet graben, LFZ–Lomfjorden Fault Zone, NL–Nordenskold Land, MH–
Midterhuken, OL–Oscar II land, SEDL–Svartfjell–Eidembukta–Daumannsodden lineament, Cp–Carboniferous–Permian, Tr–Triassic, JC–
Jurassic–Cretaceous.
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sandstones, despite their overall ‘tightness’ (i.e., a high 
degree of cementation and relatively low porosity), and 
also indicate a good sealing capacity of the caprock 
succession. Rock fractures appear to play an important 
role in the reservoir storage capacity. This multifaceted 
study as a whole, gives the Longyearbyen CO2 Lab 
research project a green light to proceed and potentially 
develop into a fullscale commercial venture.

Regional geological setting
The geological evolution of Svalbard includes the 
following main stages (Steel & Worsley, 1984; Bergh et 
al., 1997): (1) the formation of Precambrian to Early 
Palaeozoic metamorphic rocks that now constitute the 
crystalline basement; (2) the formation of Devonian 
to Carboniferous rift basins dominated by sandstones, 
shales, carbonates and evaporites; (3) the development 
of a Permian carbonate platform with evaporites and 
shales, followed by the Mesozoic openmarine deposition 
of shales intercalated with stormderived and deltaic 
sandstones; (4)  rifting and uplift in northern Svalbard, 
followed by the West Spitsbergen orogeny and formation 

Longyearbyen could thus become the first community 
in the world with almost no manmade CO2 emissions 
and, as such, might serve as a model case for the 
Norwegian environmental technology and sequestration 
knowhow. This vision of a ‘CO2free Svalbard’ (Sand 
& Braathen, 2006; Sand, 2007) necessarily requires a 
reliable assessment of possible subsurface storage sites. 
The present report thus addresses the fundamental 
question originally asked by the project’s authors in 
2006: “can we store CO2 in the sedimentary rocks below 
Longyearbyen?”

The report gives a positive answer to this question, 
whilst also providing a review of the main tasks that have 
been handled since the project started in August 2007, 
until the milestone of this manuscript of 2010, such as 
the drilling and technical logging of the cap rock and 
potential reservoir units, and the acquisition and analysis 
of an extensive grid of seismic sections. The emphasis 
is on the study of the sedimentary rock succession 
and its properties in the drillcores and outcrops, and 
on the waterinjection tests conducted to verify the 
reservoir’s injectivity potential. The preliminary results 
show a good injection capacity of the targeted reservoir 
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The drilling of fully cored wells to a depth of 400 to 1000 
m near Longyearbyen, followed by borehole geophysical 
logging with standard slimhole wireline tools.

Acquisition of seismic sections, including a new 12 
kmlong snowstreamer survey, and compilation of pre
existing seismic datasets (Bælum et al., this volume). 
Installation of a stationary 3C geophone array, recording 
seismic activity in the area since 2010.

Description of the sedimentary rock characteristics 
in drillcores and local outcrops, with fracture 
characterisation on the basis of cores and televiewer 
recordings. Parallel investigations of the same rock 
succession in outcrops provided sedimentological, 
geometrical and tectonic (fractures) information to 
aid our understanding of the targeted reservoir and 
establishing a geological model.

Evaluation of reservoir rock porosity and permeability 
on the basis of both laboratory measurements on core
plug samples and direct core probing with a TinyPerm II 
instrument. Water injection into wells served further to 
verify the assessment of rock permeability.

A helicopterborne laser scanning (lidar) system was 
employed to generate a highresolution digital elevation 
model (DEM) of the study area around Longyearbyen, 
and of the reservoir rock outcrops northeast of the city.

The construction of subsurface reservoir geomodels 
with the Irap–RMS geomodelling tool, and subsequent 
flow simulation for the models using standard industrial 
simulators (Eclipse, RMS–FlowSim). 

This paper reviews the acquired datasets and their 
significance for the assessment of the local subsurface 
conditions for CO2 storage. The drilling of wells and 
their geophysical logging are reviewed, as they provided 
the most essential datasets. Seismic datasets are briefly 
summarised, whereas their detailed discussion is 
presented in Bælum et al. (this volume). The paper 
focuses on the selection and evaluation of the rock 
succession, including its sedimentary characteristics, 
fracture pattern and the physical properties of the 
reservoir and cap rocks. The reservoir modelling results 
and the outcrop analogue studies are beyond the scope of 
the present paper and will be reported elsewhere. 

Wells—the key component and crucial 
data source

The drilling operations

Four wells, labelled Dh1 to Dh4, were drilled for the 
project between August 2007 and November 2009 (Table 
1). Wells Dh1 and Dh2 are located on the western shore 
of Adventfjorden,whereas wells Dh3 and Dh4 are about 

of a foreland basin in the Early Cenozoic; and (5) the 
ultimate crustal breakup and separation from Greenland 
by the opening of the North Atlantic in the Late Cenozoic.

Regional changes in the tectonic stress field and 
depositional base level during the Mesozoic and Cenozoic 
affected the quality of potential reservoirs and cap rocks. 
Crustal uplift and southward tectonic tilting of Svalbard 
resulted in an Upper Cretaceous stratigraphic gap with 
a lowangle (<1°) erosional unconformity truncating 
the Aptian−Albian strata increasingly towards the 
northwest. Cretaceous mafic igneous intrusions also 
played an important role in terms of diagenesis and lateral  
compartmentali sation of the Mesozoic sedimentary 
succession (Senger et al., 2012). The subsequent Early 
Cenozoic orogeny had an even greater impact on the rock 
succession, as it caused flexural foreland subsidence and 
resulted in an eastwardthinning wedge of folds and thrusts 
with a complex system of tectonic fractures  (Braathen et 
al., 1995, 1999). The orogenic deform ation involved at least 
five kinematic stages with different structural signatures 
(Braathen & Bergh, 1995; Bergh et al., 1997; Maher et 
al., 1997; Braathen et al., 1999). The associated tectonic 
subsidence in Central Spitsbergen caused deep burial of 
Mesozoic rocks, while accommodating a syntectonic 
sedimentary succession nearly 3 km thick (Manum & 
Throndsen, 1978; HellandHansen, 1990, 2010). The 
Upper Triassic to Middle Jurassic rocks targeted by the 
present project were buried to a depth of nearly 4 km, 
which caused both mechanical and chemi cal compaction 
that significantly altered the primary properties of the 
potential reservoir sandstones and caprock  shales.

The Upper Palaeozoic to Cenozoic stratigraphy of 
Svalbard correlates with that of the Barents Shelf area to 
the south (Nøttvedt et al., 1992a), where several oil and gas 
fields have been discovered (NPD, 1996). No commercial 
hydrocarbon discoveries have been made on Svalbard , 
despite 17 ‘wildcat’ exploration wells drilled and evidence 
of both highquality source rocks and porous sandstones 
(Nøttvedt et al., 1992b). Only oil residuum has been found, 
also in many outcrop sections. The potential structural 
traps recognised in seismic sections were apparently 
formed too late, whereas possible earlier  stratigraphic 
traps were emptied by tectonic uplift, deform ation and 
erosional exposure (Nøttvedt et al., 1992b).

Operations and research conducted in 
the pilot project

The aim of the pilot project was to explore the Upper 
Triassic to Middle Jurassic potential reservoir and the 
overlying caprock succession (Fig. 3) by collecting a 
range of key datasets. The work plan was divided into 
specific tasks and themes, most of which resembled those 
featuring in conventional hydrocarbon exploration. The 
main tasks were as follows:
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The drilling of the first three wells encountered technical 
problems due to the presence of a thrustrelated 
décollement zone in claystone at a depth of 380−500 m, 
where each well collapsed apparently due the swelling 
and strongly fractured character of the rock. Another 
problem was the formation of cavities arising from the 
outwash of shale by drillingfluid circulation. To avoid 

5 km to the southeast, in Adventdalen. The drilling was 
done with an ONRAM 1400 rig owned by the Store 
Norske Spitsbergen Kulkompani (SNSK), which offered 
a slimhole, lowcost operation with full coring by a 
wireline system and with optional drillpipe dimensions 
allowing a telescopic drilling. This method was utilised 
for the last three wells.

Table 1: Technical summary of wells Dh1−Dh4.

Drillhole nr Time drilled Total depth (m) Type of operation
Drill tube type

Dh1 August – October 2007 517.8 Single 56 mm 

Dh2 (Dh1A) November – December 2007 858.8 56 and 66 mm telescope

Dh3 August – September 2008 403 46, 56 and 66 mm telescope

Dh4 August 2009 – November 2009 969.8 Q-tube and 46 mm, 
5-level telescope (Table 2)
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these problems, an extensive technical planning preceded 
the drilling of well Dh4, for which a special design with 
sealing cement shoes and deep casings was implemented, 
in addition to using thickerwall HW, HQ, NQ and BQ 
pipes (Table 2). In addition, KCl was used for the drilling 
fluid, which was originally a brine of 3−5% NaCl (anti
freeze) solution with occasionally added polymers. 
With the heavier drill pipes, the rig often reached its 
operational energy (delivery force) limit. For this reason 
and due to the challenging décollement claystone zone, 
the operational risk was high, especially for deeper parts 
of the well. 

The successful completion of well Dh4 can thus serve as 
a technical stateoftheart case showing an effective and 
lowcost possibility for this type of drilling operation. 
The well bore has drill pipes cemented as casings in 
the following order (Fig. 4): (1) a fixed upper cemented 
casing (conductor) down into the solid rock at a 
depth of 70 m; (2) a HQ pipe string down through the 
décollement zone to a depth of 440 m, where a cement 
shoe was installed; (3) an NQ pipe string drilled into 
the reservoir, down to a depth of 770 m, where a sealing 
basal cement shoe was installed; (4) a BQ pipe string 
through the reservoir to a depth of 870 m, where a 10 m 
shoe was installed; and (5) a 46 mm hole down to a depth 
of 969.80 m, left open for well testing.

In contrast to the majority of conventional drilling 
operations, the employment of the slimhole drilling 
technique in the present project allowed full coring of 
the cap rock and reservoir rock succession, and hence 
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Figure 4. The design for well Dh4, with instrumentation for the 
water-injection test in August 2010. Note that the well interval at 
870−970 m depth has an open wall. 

Table 2: The drilling plan for well Dh4. TD is depth.  
All four Q-rods were installed with cement shoes (as shown in Fig. 4).

Drilling section Rod/Casing 
(core diameter, ~mm)

Requested section depth criteria  
before drilling Actual depth for rod after drilling (m)

1 HW (no core) Well into bedrock 70

2 HQ (78) As deep as possible, preferably 600 m 440

3 NQ (60) Down into top of reservoir (c. 750 m) 770

4 BQ (46) Through reservoir (c. 1000 m) 870

5 46 mm (28) Backup rod 970
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Borehole logging
For the geophysical logging of boreholes, the slime
hole tools provided by the Geological Survey of Norway 
(NGU) and SNSK were used. The parameters logged 
were temperature, fluid conductivity, natural gamma
ray intensity, rock electric resistivity, seismic velocity, 

provided both the boreholes and a crucial dataset for 
the whole experimental venture. A total of 2730 m of 
core samples have been derived from the two drilling 
sites, each with two wells, and the wells also allowed 
geophysical logging of the rock succession.

Figure 5. Compilation log 
from 440−710 m depth of 
well Dh4, including seismic 
velocity, gamma-ray, resist-
ivity, fracturefrequency (TVI 
data) and calliper logs. The 
yellow-marked intervals are 
sandstone units. The fracture  
data include orientation 
and dip of mapped fractures 
and the number of fractures 
encountered for metre-long 
intervals.
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705 m are highly fractured, which is reflected in their 
reduced seismic velocity and electric resistivity. The 
caprock siltstones and mudstones in core samples are 
fractured too, but the fractures do not appear to affect 
their seismic velocity and electric resistivity significantly. 
The geophysical well logs were of great value for the 
calibration of seismic sections.

The temperature logs (Fig. 6) allowed us to determine the 
local thermal gradient and to estimate the depth of the 
polar permafrost, even though the circulation of air in 
the wells due to a low groundwater level has influenced 

well caliper, relative density and the borehole deviation 
from vertical (Figs. 5 and 6). In well Dh4, an acoustic 
televiewer was also used to map fractures, although this 
logging procedure was limited by the borehole’s small 
diameter in its deepest part. 

The geophysical logs from the wells show good 
correspondence with the drillcore lithology. Sandstones 
are indicated by a low gammaray signal and relatively 
high seismic velocity and apparent resistivity. The 
evidence from the acoustic televiewer indicates that 
some of the rock units at well depths between 440 and 

Figure 6. The tempera-
ture and fluid conductivity 
record ed in well Dh4. The 
blue curves are data from 
10. October 2009 and the 
red curves  from 2. December 
2009. Note the corresponding 
depth of groundwater levels, 
as indicated by the conducti-
vity log. 
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m away from well Dh4 (Oye et al., 2010). Their purpose 
was to record local microseismic responses to the fluid 
injection.

Seismic data interpretation

The open 2D seismic grid in the vicinity of Longyearbyen 
permitted only limited detailed mapping, but a general 
1–3° SE dip of reflectors is well recognisable. No physical 
closure up dip from the drilling sites of wells Dh3 and 
Dh4 has been identified, which suggests that the targeted 
aquifer may be open, rising gently towards the outcrops 
15–20 km to the northeast. 

The 100 m offset VSP towards well Dh4 allowed depth 
conversion. In contrast, the 600 m offset VSP showed 
significant noise, which may be due to the sidesweep 
effect of steep igneous dykes in the vicinity of this well 
(Bælum et al., this volume). Extensive new processing 
of the dataset is now being undertaken to resolve this 
problem and develop a better velocity model for the rock 
succession in the study area.

A comparison of seismic reflectors with borehole profiles 
shows that several of the main rock units are clearly 
recognisable in the seismic imagery (Fig. 7; see also 
Bælum & Braathen, 2012; Bælum et al., this volume). 
One reflector correlates roughly with the base of the 
Helvetiafjellet Formation, two deeper ones are near 
the base of the Cretaceous succession and at the top of 
the Wilhelmøya Subgroup, and a fourth one is in the 
targeted reservoir rock succession of the De Geerdalen 
Formation. In addition, there are two strong reflectors 
related to igneous intrusions.

the measurements. As pointed out by Christiansen et al. 
(2010), the temperature and thickness of the permafrost 
zone in Spitsbergen show considerable lateral variation, 
with the permafrost practically absent at the coastline, 
but reaching 400−500 m depth in the adjacent mountain 
sides. This regional observation is consistent with the 
evidence from wells Dh1 and Dh2 located near the 
coast, where no recognisable permafrost has been found, 
and from wells Dh3 and Dh4 up in the valley, where a 
permafrost thickness of 120–160 m has been estimated.

Seismic datasets

The preexisting regional database included results from 
an extensive offshore seismic survey conducted by Statoil 
and Hydro and a number of onshore seismic sections , 
which together gave an invaluable insight into the 
subsurface structure of the Spitsbergen rock succession 
(see Bælum et al., this volume). In addition, the present 
project  has acquired c. 12 km of new snowstreamer 
seismic data from the area between the two drilling sites 
(Fig. 7), which considerably enhanced the local structural 
picture and improved correlation between the pre
existing offshore and onshore seismic sections (Johansen 
et al., 2003, 2011; Bælum et al., this volume). Two 1100 
mlong snowstreamer lines across well Dh4 and two 
laterally offset 100 m and 600 mlong VSP surveys 
were also conducted at this well site with the use of a 
single 3C geophone. The same geophone subsequently 
recorded the microseismic response around well Dh3 to 
the water injection in well Dh4 in February 2010. Before 
the new water injection in August 2010, a string of five 
3C geophones was installed in well Dh3, with three 
other geophones located in 11 mdeep boreholes c. 500 

Figure 7. Subsurface seismic 
image from the Adventdalen 
area, showing the main geologi-
cal units identified in well Dh4 
(red line) linked to the seismic 
sections. The depth level ‘0 m’ is 
ground surface. In the cap-rock 
succession, the colour-marked 
swarms of reflectors correlate 
with the base of the Helvetiafjel-
let Formation (orange), the base 
of the Cretaceous succession 
(green) and the Agardfjellet For-
mation (blue). In the reservoir 
succession of the Kapp Toscana 
Group, the colour-marked 
swarms of reflectors are near the 
top of the Wilhelmøya Subgroup 
(purple) and in the De Geerda-
len Formation. Possible dolerite 
intrusions (black) occur below 
the well. For details, see Bælum 
et al. (this volume).
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The lower part of the Carolinefjellet Formation 
encountered in the wells is the sandstonerich Dalkjegla 
Member (Aptian), which is 120 m thick in the type 
section northeast of Svea, thickens to 180 m towards 
the south and thins to c. 50 m towards the north. This 
succession consists of openmarine shales densely 
interspersed with finegrained tempestite sandstones 
showing planeparallel stratification, waveripple cross
lamination and both hummocky and swaley cross
stratification. The succession shows an overall upward 
fining, with the sandstone beds becoming thinner and 
the shales dominating. These are typical sedimentary 
facies of an offshoretransition shelf environment in 
the bathymetric range between fairweather and storm 
wave bases, probably representing the prodelta zone of a 
retreating sandy delta (Gjelberg & Steel, 1995). 

The Barremian Helvetiafjellet Formation below is a 
sandstonedominated unit with subordinate mudstones 
and isolated thin coal beds, interpreted to represent  
fluviodeltaic, tidal/estuarine, lagoon and barrierbar 
depositional  environments (Nemec et al., 1988; Gjelberg 
& Steel, 1995; Midtkandal & Nystuen, 2009). The 
thickness of the Helvetiafjellet Formation in Spitsbergen’s 
Nordenskiöld Land area is 40−90 m, averaging c. 60 
m. The lower part of the formation is its Festningen 
Sandstone Member, which is composed of braided
stream deposits (Nemec, 1992; Gjelberg & Steel, 1995). It 
has a thickness of c. 20 m in well Dh4 (Fig. 3) and also in 
outcrops located about 10 km to the eastnortheast (Fig. 
2). These sandstones have been discarded as a possible 
reservoir because of their limited thickness and direct 
lateral connection with the land surface.

The underlying Janusfjellet Subgroup consists of the 
Lower Cretaceous Rurikfjellet Formation and the 
Middle to Upper Jurassic Agardhfjellet Formation, 
separated by a distinct clayshale unit known as the 
Myklegardfjellet Bed. The Rurikfjellet Formation 
varies regionally in thickness between 110 and 400 
m and is c. 150 m thick in the Longyearbyen area. 
It consists of openmarine shales interspersed with 
tempestite sandstones and represents an offshore
transition shelf environment (Mørk et al., 1999; 
Midtkandal & Nystuen, 2009) with sand derived from 
prodelta advances (Nemec et al., 1988; Gjelberg & Steel, 
1995). Characteristic features are sideritic nodules, 
a few centimetres to a few decimetres in diameter, 
and also thin bivalve shell beds commonly cemented 
by siderite. A notable feature in the lowermiddle 
part of the formation in wells Dh1 and Dh2 (Fig. 3, 
welldepth interval 270−410 m) is the occurrence of 
conglomerates, slump beds and massive medium to 
coarsegrained muddy sandstones overlying a cross
stratified sandstone capped with a palaeosol and thin 
coal layer. These deposits are attributed to an episodic 
advance of the metastable front of a Hauterivian delta, 
thus far unrecognised in the Svalbard palaeogeography.  

After the depth conversion of seismic sections, it became 
clear that the strong reflector at a depth of c. 0.7 sec 
represents a dolerite intrusion rather than the top of the 
Permian succession, as previously considered (Bælum et 
al., this volume). Dolerite intrusions were subsequently 
encountered in well Dh4, with two sills 0.5 m and 2.15 
m thick in the cored interval. Moderately thin sills (>2 
m) were identified in the acoustic dataset by Mikkelsen 
(2009), who also gave an assessment of the expected 
strong acoustic responses from such igneous intrusions 
and the anticipated reservoir density changes due to the  
injection plume. 

Microseismicity

During the waterinjection tests in February 2010, the 
single 3C geophone in place recorded a series of seismic 
events considered to have been related to the pressure 
buildup in the reservoir. A more extensive geophone 
system was then installed prior to the four larger 
injection tests conducted in August 2010. However, 
continuous recording revealed no significant series of 
seismic events (Oye et al., 2010), although at least one 
relatively strong microearthquake occurred c. 17 hrs 
after the last and longest injection test. Establishing the 
exact location for this microseismic event was difficult 
because of uncertainties in the velocity model and the 
station configuration. The datasets are currently being 
analysed for a series of related, weaker microearthquakes 
in the area using crosscorrelation techniques, with the 
aim to clarify a potential link between the fluid injection 
and the recorded microearthquake event. 

Characteristics of the reservoir and cap 
rocks

Regional stratigraphy and correlations

The most complete stratigraphic succession was cored to 
a depth of 970 m in well Dh4 (Figs. 2 and 3). The well 
was spudded at the top of a unit of Holocene gravel and 
sand with permafrost, 60–70 m thick. The rock units 
drilled, in their descending order, are as follows (Fig. 
3): (1) the preserved lower part, c. 100 m thick, of the 
Lower Cretaceous Carolinefjellet Formation, composed 
of shales intercalated with thin sandstone beds; (2) 
the sandstonerich, Lower Cretaceous Helvetiafjellet 
Formation, c. 70 m thick; (3) the Lower Cretaceous 
Rurikfjellet Formation, c. 250 m thick, composed of 
shales intercalated with thin sandstone beds; (4) the 
Upper Jurassic shales of the Agardhfjellet Formation, 250 
m thick; and (5) the upper part of the targeted reservoir 
sandstones of the Upper Triassic–Middle Jurassic Kapp 
Toscana Group. The reservoir top was reached at a depth 
of 667 m in well Dh4 and at a depth of 737 m in well Dh2 
(Fig. 3), which reflects the regional tectonic tilt of the 
rock succession.

A. Braathen et al. NORWEGIAN JOURNAL OF GEOLOGY 
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The clayey Myklagardfjellet Bed at the top of the 
Rurikfjellet Formation is a regional stratigraphic marker 
thought to contain ejecta from the Mjølnir meteorite 
impact in the central Barents Sea Shelf (Dypvik et al., 
1996, 2010; Smelror et al., 2001). This thin clayshale unit 
is recognisably softer than the adjacent shales and seems 
to have localised the beddingparallel thrust décollement 
encountered in the wells. 

The Agardhfjellet Formation below (Fig. 3) is an 
organicrich, fossiliferous, shaly succession c. 250 m 
thick, representing an offshore shelf environment. 
In Spits bergen’s Nordenskiöld Land area, this unit is 
divided into four members (Dypvik et al., 1991). The 
uppermost is the Slottmøya Member composed of 
darkgrey shales, locally in the form of ‘paper’ shales 
interlayered with dolomite and siderite. The underlying 
Oppdalsåta Member is richer in siltstone and sandstone 
intercalations, forming bioturbated coarseningupwards 
parasequences several metres thick. The Lardyfjellet 
Member below consists of darkgrey shales, commonly 
papery. It has a high organiccarbon content and high 
gamma radiation, and contains dolomite concretions, 
ammonites, belemnites, Buchia shells and a high content 
of marine reptile remains. The basal Oppdalen Member 
of the Agardhfjellet Formation consists of strongly 
bioturbated, structureless silty to sandy mudstones.

The targeted Kapp Toscana Group below is rich in 
sandstones. In the wells (Fig. 3), it comprises the 
uppermost Triassic−Middle Jurassic Wilhelmøya 
Subgroup, condensed to a thickness of merely 23 m, and 
the underlying Upper Triassic De Geerdalen Formation 
nearly 300 m thick. These preselected reservoir units are 
described below.

The Wilhelmøya Subgroup—In the study area this unit 
is represented by the Knorringfjellet Formation, which 
consists of sandstones interlayered with conglomerates 
and mudstones. The formation is 22.8 m thick in well 
Dh2 and 23.7 m in well Dh4 (Figs. 8 and 9), which is 
similar to its thickness of 23 m in the outcrop section at 
Festningen in western Spitsbergen (Nagy & Berge, 2008). 
Comparable thicknesses of 14 m at Knorringfjellet and 
20 m at Marhøgda, c. 14 km to the northeast of well Dh4 
(Bjærke & Dypvik, 1977; Nagy et al., 2011), suggest that 
the unit is extensive and fairly tabular.  

The uppermost part of the Knorringfjellet Formation 
consists of the Marhøgda and Brentskardhaugen Beds 
with characteristic ooids, phosphatic nodules and 
abundant macrofossils (Bäckström & Nagy, 1985). The 
Brentskardhaugen Bed is a regional marker containing 
a mixed Early and Mid Jurassic fossil assemblage 
(Bäckström & Nagy, 1985). This unit in the wells consists 
of medium to coarsegrained, bioturbated sandstone 
(Mørk, in press), which is rich in glauconite and coal 
fragments in well Dh2 and contains an admixture of 
polymictic gravel with phosphate pebbles in well Dh4. 

The basal part of the Knorringfjellet Formation is 
a bioturbated finegrained sandstone, c. 2 m thick, 
with phosphate pebbles at its base in well Dh4 and an 
admixture of polymictic gravel in well Dh2 (Fig. 9). This 
basal unit can be regarded as the regionally persistent 
Slottet Bed (Mørk et al., 1999; Nagy & Berge, 2008). 
The sandstone passes upwards into shales that form the 
middle part of the Knorringfjellet Formation, which in 
well Dh4 also includes a unit of mediumgrained and 
thoroughly burrowed sandstone 4 m thick. 

De Geerdalen Formation—This underlying formation 
is a succession of mainly shallowmarine sandstone 

Figure 8. Summary log of the reservoir rock succession in well Dh4 
(depth 670−970 m), with remarks on the depositional palaeoenvi-
ronments.



364 A. Braathen et al. NORWEGIAN JOURNAL OF GEOLOGY 

lower part and including lagoon, barrier spit and tidal 
inlet/delta in the upper part. The sandstone net/gross 
of the succession is up to 25−30% (Hynne, 2010), but 
probably 10−15% for permeable sandstones. No fluvial 
facies have been recognised in the well cores, although 
deltaplain fluvial sandstones abound to the east in 
Spitsbergen (Mørk et al., 1982, Nagy et al., 2011) and also 
in Svalbard’s eastern islands, such as Edgeøya (Lock et al., 
1978), Hopen and in the northern part of the Barents Sea 
Shelf (Riis et al., 2008).

Below the De Geerdalen Formation lies the 
Tschermakfjellet Formation—the basal part of the Kapp 
Toscana Group. It is thin or missing at the Festningen 
locality and in western Spitsbergen, and is predicted to 
be a few metres thick in the Longyearbyen area, but may 
possibly be 30−65 m thick to the north and east of the 
drilling sites. 

Reservoir sandstone diagenesis 

A preliminary study of the diagenesis of the targeted 
reservoir sandstones shows extensive cementation 
by quartz and carbonate minerals. The cementation, 
combined with the formation of authigenic clay minerals 
(e.g., illite and Fechlorite) and mechanical compaction, 
reduced the sandstone’s primary porosity and resulted in 
relatively low permeability (Mørk, in press). Sandstone 
porosity is mainly secondary, formed by the diagenetic 
dissolution of Kfeldspar and other unstable mineral 
grains (Fig. 10). The sandstones of the De Geerdalen 
Formation are mineralogically immature, rich in such 
detrital components. Primary porosity is better preserved 
in some of the conglomeratic beds in the Wilhelmøya 
Subgroup, except for the phosphatic pebbly layers.

Fracture systems

The full coring of the wells allowed rock fractures to 
be studied and their frequency changes with depth to 
be measured for both the reservoir and the caprock 
succession. However, the orientation of fractures was 
impossible to determine on nonoriented drillcores, 
and it was also often difficult to assess the amount 
of fracturing caused by the drilling stress and core 
decompaction. Therefore, the acoustic televiewer (TVI) 
technique has been used for a better assessment of the 
natural fracturing intensity and fracture orientations. In 
addition, the regional pattern of fractures has also been 
studied in the outcrops of the rock succession (Wærum, 
2011; Ogata et al., 2012). On this basis, the drilled rock 
succession can be divided into three zones, referred 
to here as zones A, B and C (Fig. 11). Zone A extends 
from the surface down to zone B, which is the bedding
parallel, main thrustdécollement zone. Zone C extends 
farther below, to a depth of 970 m. 

Zone A was cored in all four wells. This zone is 
characterised by a relatively low fracture frequency (Fig. 

units of varied thickness, alternating with shales (Figs. 
3 and 8). Sandstone units up to 20 m thick are observed 
at Botneheia, 21 km to the northeast of the drilling sites 
(Mørk et al., 1982). The uppermost part of the formation 
is the Isfjorden Member, which is 71 m thick in well 
Dh4, but regionally up to 100 m thick. It is dominated 
by variegated shales with thin interbeds of mainly well
cemented sandstones and its deposition is attributed to 
lagoonal environments (Mørk et al., 1999). The uppermost 
sandstone bed in well Dh2 contains residual oil.

The underlying 200 m of the De Geerdalen Formation 
is a coarseningupwards succession with numerous 
sandstone units, ranging in thickness from a few 
centimetres to nearly 40 m, but most commonly up to a 
few metres. Carbonate beds up to a few decimetres thick 
occur repeatedly, often capping the sandstone units. 
The sandstones are both mineralogically and texturally 
immature and are also commonly separated by shales. 
On the basis of well Dh4 (Fig. 8), the origin of these 
deposits in the study area is attributed to shallowmarine 
deltaic and tidal environments, more open marine in the 

Figure 9. Detailed logs of the Wilhelmøya Subgroup in wells Dh2 
and Dh4 (see legend in Fig. 8).
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11), with up to 20 fractures per metre (f m1). A localised 
frequency peak is recognisable in association with the 
lowangle thrust in the Carolinefjellet Formation at a 
depth of c. 80 m in wells Dh1 and Dh2. 

Zone B was cored in wells Dh1, Dh2 and Dh4, and 
only partly in well Dh3. This major beddingparallel 
décollement zone is clearly recognisable from the high 
fracture frequency. In all wells, this thrust damage zone 
has its top at a depth of c. 370 m and extends down to c. 
550 m, with an estimated thickness of 150−180 m. The 
thrust plane is estimated to be at a depth of 403 m in 
wells Dh3 and Dh4 and at a depth of 455 m in wells Dh1 
and Dh2, thus gently rising towards the east. The thrust 
core consists of strongly crushed and altered shale (fault 
gouge) with a thickness of up to 1.5 m. Shale outside 
the core is also heavily shattered and shows a fracture 

frequency reaching 50 f m1. Zone B has been a main 
challenge to the drilling operation, as it caused the well
bore wall collapse and swelling. 

Zone C was fully cored only in well Dh4 and partly 
cored in well Dh2. It is characterised by a moderate but 
variable fracture frequency (Fig. 11). Its overall fracture 
frequency is higher than in zone A and varies between 3 
and 20 f m .

The dip angle of fractures measured in the drillcores is 
highly varied and, for the purpose of an overview, has 
thus been arbitrarily divided into three classes: 0−30°, 
30−60° and 60−90° relative to the horizontal, which 
practically means the bedding plane (Fig. 11). The low
angle fractures dominate, although the moderately 
inclined and steep fractures are relatively common in 
zone A near the surface. The frequency of the moderately 
inclined and steep fractures tends to decrease with depth, 
but the latter, commonly subvertical fractures are notably 
quite frequent in the targeted reservoir sandstones (Fig. 
11).

The TVI dataset from the depth interval of 440 to 705 
m in well Dh4 revealed at least 284 fractures and their 
orientations are shown in Fig. 12. Subhorizontal fractures 
constitute 97% of the dataset. The remaining fractures 
can be divided into three categories with the following 
mean orientations: 048/48° (NE−SW), 120/8° (SE−NW) 
and 292/61° (ESE−WNW).

Reservoir porosity, permeability and 
water-injection tests 

Reservoir rock properties

In total, 88 core plugs were taken for laboratory analysis, 
with 37 of them from drillcores Dh1 and Dh2, and 51 
from drillcore Dh4 (Farokpoor et al., 2010, 2011). Some 
of the plug samples were from the permeable units of 
the caprock succession, but the majority were from 
the targeted reservoir sandstones. The purpose was to 
determine the rock porosity and permeability. Systematic 
permeability probing with air injection was also 
performed directly on the drillcores in three different 
ways: (1) for the purpose of comparison, the permeability 
was probed at a distance of 5 cm below and above every 
coreplug hole; (2) measurements were taken with 50 cm 
spacing throughout the sandstone units; and (3) densely 
spaced measurements were taken to map permeability 
variation on a drillcore scale in the most permeable 
sandstone units. Exceptionally high permeability values 
were discarded as anomalies attributed to a measurement 
error. The results are summarised in Fig. 13. 

Sandstone porosity ranges between 2 and 13% in wells 
Dh1 and Dh2 and between 5 and 20% in well Dh4 (Fig. 
13B). The laboratory coreplug data indicate that the 

Figure 10. Optical micrographs illustrating porosity variation in the 
reservoir sandstones cored in well Dh4. The rock pores are shown 
in blue and quartz grains in white. (A) Quartzose sandstone of the 
Knorringfjellet Formation (depth 675.49 m) from a high-porosity 
well interval; note that much of the porosity is associated with clay 
minerals (pale greenish-grey colour).(B) Mineralogically immature 
sandstone in the lower part of the De Geerdalen Formation (depth 
900.97 m); note the sparse dissolution porosity in the sandstone, rich 
in unstable mineral grains (brown colour) and diagenetic cement 
(quartz and calcite cements are in white).
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Fig. 8 
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De Geerdalen Formation have a significant variability 
in permeability between and even within sandstones, 
reflecting variable effects of diagenesis. Slightly higher 
and less spread permeability values characterise the 
fluvial sandstones of the Helvetiafjellet Formation and 
some of the localised massflow deposits in the middle 
part of Rurikfjellet Formation. The sandstones of the 
Wilhelmøya Subgroup show the greatest permeability 
variation but also the highest apparent permeability of 
the probe data. 

On the basis of the porosity and permeability data, the 
subsurface rock succession in the study area can be 

majority of analysed sandstone units have permeabilities 
in the range of 0.01−1 mD, reaching 2 mD. Permeability 
probe data are an order of magnitude higher, showing 
a modal range of 4−10 mD and a positively skewed 
frequency distribution (Fig. 13C, D). The main reason 
why the probe data appear to be a 0.5−1 order higher is 
that the instrument’s detection limit is 1 mD. 

Despite the less realistic permeability values of the 
probe data compared to coreplugs, they offer valuable 
insight into variations in apparent permeability on a 
more detailed scale than that allowed by coreplugs (Fig. 
13A). The probe data suggest that the sandstones of the 
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Figure 11. The frequency of rock fractures per metre recorded with depth in the drillcores Dh1−Dh4. Note that the Dh3 and Dh4 profiles are 
shifted down by c. 50 m according to the regional tectonic dip of the rock succession, with the wells starting at a deeper stratigraphic level. The 
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Figure 12. (A) Log of mapped fractures with their orientation and 
distribution, based on the borehole scanning with acoustic televiewer 
at the depth interval 440−705 m in well Dh4. The data are divided 
into four classes according to the fracture orientation, with the same 
colour coding as shown in the stereoplot in (B). (B) Equal-area stere-
oplot (lower hemisphere) of the TVI data shows poles to the fracture 
planes; the contour intervals are 1, 3, 6, 10, 15, 21, 26, 36, 46 and 
56%. (C) Photograph of a segment of drillcore showing sandstone 
and mudstone with a vertical fracture; detail from the reservoir sec-
tion of the De Geerdalen Formation.
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Figure 13. (A) Sandstone permeability data (in mD) from wells Dh1−Dh4, derived by TinyPerm probe measurements and laboratory core-
plug analysis. The probe data are mean values of the middle three of five recordings. (B) Sandstone porosity plot of core-plug data. In (A) and 
(B), the depth of wells Dh1 and Dh2 is shifted by 50 m relative to that of wells Dh3 and Dh4, with a match for the Helvetiafjellet Formation, 
to compensate for the gentle WSW dip of the rock succession. (C) Relative difference in permeability (mD) between core-plug and perm-probe 
data from wells Dh2 and Dh4; the probe measurements were taken 5 cm above and below every plug hole, with each measurement being the 
mean of three middle values from five recordings. Note that the TinyPerm instrument has a recording lower threshold of 1 mD. (D) Relative 
difference in mD between core-plug and perm-probe data from well Dh1 and Dh2; the probe data are average values given in (C). Note that the 
probe values are 4−10 mD higher than the plug data. The peak of deviations exceeding 50 mD probably reflects analytical errors (poor seal bet-
ween the core sample and probe nuzzle, or air leakage through microfractures). The core-plug data are from Farokpoor et al. (2010). Core plugs 
were analysed in the ResLab using He injection for permeability assessments and Hg for net porosity. A similar method was used by the NTNU/
SINTEF lab for the plugs from well Dh4 (Farokpoor et al., 2010), but porosity was calculated using helium porosimetry and brine saturation, 
whereas permeability was measured using air flow.
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an open section at 870−970 m depth. In the latter test, 
the drill bit was used as a sieve to set up a pressure 
gradient between the well bore below and above, and 
was lifted to several positions in the open hole during 
the initial screening. This qualitative approach identified 
the sandstones at a depth of around 900 m as injective, 
whereas the deeper part of the well, including dolerite 
intrusions, appeared to be almost sealing. There is a 
degree of uncertainty in the observations, however, as 
the tests were performed with a small pump (capacity 
of 100 l min1, maximum pressure 70 bars) and with the 
pressure recorded at the annulus. 

The results of the November 2009 and February 2010 
tests indicate an initial rock injectivity of 0.6−0.7 m3 bar1 
hr1 for the middle reservoir section (770−870 m depth), 
or c. 25 m3 day1 with a 10 bar delivery pressure. Analyses 
suggest that the rock permeability is limited by a fracture
closure pressure of 95−97 bars at 870 m depth. An 
intriguing observation was that the water level in the well 
had dropped after each test period and the groundwater 
level tended to stabilise at depths of c. 180 m and 240 m 
in this middle section (Fig. 6), which corresponded to a 
pressure of 18−25 bars below hydrostatic level. 

For the August 2010 test, a largercapacity pump (up to 
1490 l min1, maximum pressure 690 bar) was used and 
two pressure and temperature sensors were placed in the 
well at 855 m depth. The temperature recorded at this 
depth was 31°C, in accordance with the thermal gradient 
established by well logging (Fig. 6). The groundwater 
level was at a depth of c. 560 m prior to the injection 
test, corresponding to a reservoir pressure of c. 35 bars 
(Fig. 14). A total volume of 2485 m3 of traceable water 
was pumped into the wellwall open section at 870−970 
m depth. Five injection series were performed, with 

divided into three aquifers separated by aquitard units. 
The upper aquifer is at a depth of 150−200 m and consists 
of the sandstones of the Helvetiafjellet Formation, gently 
dipping towards the west (Fig. 3). Their permeability 
varies and is generally low. Artesian overflow of wells, 
with 25 l min1 in well Dh3 and 60 l min1 in well Dh4, 
suggests that the flow of fluid in this aquifer is mainly 
due to fractures. The middle aquifer is at a depth of 
350−400 m and limited to the local occurrence of mass
flow deposits in the Rurikfjellet Formation in wells 
Dh1 and Dh2 (Fig. 3). No similar coarsegrained facies 
have been found in wells Dh3 and Dh4, which suggests 
that this aquifer is of small volume and limited lateral 
extent. The lower aquifer consists of the sandstones of 
the Wilhelmøya Subgroup and De Geerdalen Formation 
(Fig. 3). This aquifer has a generally low permeability but 
seems to have a moderate to good porosity; it is thick and 
regionally extensive, and appears to be no less fractured 
than the upper aquifer. 

Water-injection tests

During the drilling of well Dh4, a considerable loss of 
drilling fluid was detected at certain depths, most notably 
at a depth of c. 700 m in the Wilhelmøya Subgroup and 
at a depth of c. 780 m in the De Geerdalen Formation. 
This observation thus already indicated the presence of 
localised highpermeability zones in the rock succession.

Waterinjection tests were performed three times in 
well Dh4 : a first test in November 2009 during drilling, 
another in February 2010, and the third test in August 
2010. The November 2009 test was conducted through 
the tip of the 70 mmdiameter drill bit, placed at the base 
of the borehole, towards an open wall section at 770−870 
m depth. The February 2010 test was performed towards 
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Drilling operations in the High Arctic are challenging 
in many different ways. For example, the permafrost 
makes the well fluid freeze at the upper level within 
hours during a pause in the drilling operation. Another 
problem is the supply of water for the drilling and 
injection test operations, which did not always meet 
the technical demand. Such problems might become 
an almost insurmountable task in the case of a major 
drilling operation with large well dimensions.

A weakness of slimhole drilling is the limited options for 
wireline logging and instrumentation in the well. There 
are slimhole tools for mounting in such wells, but few 
are small enough to enter a 46 mm well bore (as was the 
case for the lowermost 100 m in well Dh4). A larger and 
fullycased well bore with instruments mounted outside 
the central injection pipe—as used in commercial 
hydrocarbon production—would allow for advanced 
instrumentation and for packercontrolled injection 
intervals. This technical option is recommended for 
the future CO2 injection well(s) in Longyearbyen. 
Similar wells have been used in the CO2sequestration 
demonstration projects in the USA (Leetaru & McBride, 
2009) and Germany (Würdemann et al., 2010). The high 
cost of such wells generally restricts the affordability of 
monitoring wells, whereby both these latter projects use 
only one injector and one monitor well. 

A model demonstration field laboratory for CO2  
sequestration should have such fully instrumented 
wells, along with extensive geophysical 4D imaging and 
several other observation wells. The Longyearbyen CO2 
Lab project has demonstrated the advantage of using 
lowcost slimhole wells both for the source of valuable 
geological data and for reservoir monitoring. Such slim
hole wells, based on the stateoftheart case of our well 
Dh4, are planned to be used in the development of the 
Longyearbyen CO2 Lab.

Subsurface rock architecture 

The seismic and outcrop data indicate that the 
investigated rock succession rises gently at 1−3° towards 
the northeast, with the targeted Upper Triassic−Lower 
Jurassic reservoir succession cropping out approximately 
14 km from Longyearbyen in this direction (Fig. 2). The 
possibility of an open reservoir thus cannot be refuted 
on the basis of the available datasets, especially since the 
sealing role of permafrost may eventually be reduced by 
the impending global climate warming. However, the 
volume of CO2 to be sequestrated in Longyearbyen (max. 
60,000 tons yr1) is not excessive and the lateral expansion 
of the injected CO2 plume in this large reservoir over 
a distance of 14 km is projected to take thousands of 
years. An open reservoir may also have the advantage of 
possible updip groundwater cut and surface drainage, 
especially when the sealing role of permafrost declines. 
Notably, several other CO2storage demonstration 
projects have considered using the outflow of brine 

fracture testing by applying a viscous polymer mixture 
and brine (Fig. 14). The final series involved a 5day 
continuous injection followed by a shutin phase. After a 
yearlong shutin period, the reservoir pressure appeared 
to be c. 27 bars. 

The results of the August 2010 test are consistent with 
the behaviour of a fractured reservoir. The dataset 
suggests flowparallel barriers whose quasisealing effect 
decreases with the rising cumulative injection. Analysis 
of the monitored injection rate indicates a probable 
growth of the fractures. The total flow capacity at the 
tested depth interval of 870−970 m is estimated at c. 
45 mD per metre. To estimate the bulk permeability of 
this reservoir unit, its rockmatrix and dynamic fracture 
permeability need to be taken into account, and this kind 
of numerical analysis is now under way. 

In summary, the reservoir units tested in well Dh4 seem 
to hold a relatively low pressure, below 30% of hydrostatic 
level in the lower tested reservoir unit. The variable 
groundwater level indicates the presence of vertically 
isolated pressure compartments in the reservoir rock 
succession. The waterinjection tests show a good level 
of rock injectivity, far exceeding that expected from the 
rockmatrix properties in the drillcores. Fractures appear 
to be crucial for the fluid flow in the rock succession, 
allowing horizontal flow zones that expand and merge 
under the cumulative injection and rising reservoir 
pressure. The waterinjection datasets are so far limited 
to the middle (770−870 m depth) and lower reservoir 
units (870−970 m depth), but a similar dataset from 
the upper unit (670−770 m depth) is desirable. This 
unit seems to have the best rockmatrix properties and, 
during the drilling operation, has absorbed considerable 
amounts of the drilling fluid and cement. 

Discussion
The datasets acquired by the threeyear pilot project 
suggest that a subsurface sequestration of  CO2 in the 
vicinity of Longyearbyen is apparently feasible. Some key 
aspects of the technical operations and research tasks are 
discussed in the present section as tentative guidelines 
for reaching the benchmark goal of the project. 

Technical operations

The drilling of exploration wells is the single most crucial 
operation. The use of a slimhole drilling rig designed 
for coal exploration, although economically attractive 
and allowing full well coring, was not an optimal choice. 
A larger, taskspecific rig could provide larger cores, 
prevent problems with borehole geophysical logging and 
allow for more comprehensive fluidinjection tests. On 
the other hand, the tenfold cost would significantly have 
curtailed the project.
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as a means to limit the reservoir pressure buildup 
by injection, but came into conflict with the landuse 
interests. This issue is not critical in the present project, 
where the disposal of groundwater brine can be carefully 
planned in the coastal area of a fjord with brackish sea 
water and no  agriculture.

Our current understanding of the targeted reservoir and 
caprock succession in the Longyearbyen area is based 
chiefly on the datasets acquired from the boreholes and 
from the corresponding rock outcrops farther to the 
northeast. Seismic datasets revealed a few reflectors 
correlative with the main stratigraphic boundaries, but 
did not permit any detailed mapping of sandstone bodies 
and their depositional architecture. The reservoir units of 
the Kapp Toscana Group seem to be thick and regionally 
extensive, but their origin is attributed to sedimentary 
palaeoenvironments whose deposits are generally known 
to be laterally discontinuous and highly heterogeneous 

(e.g., Howell et al., 2008). The waterinjection tests 
indicate, indeed, flowparallel permeability barriers 
and pressure compartmentalisation in the reservoir 
sandstone succession, and this issue will now be analysed 
in great detail to develop a realistic reservoir model.

‘Tightrock’ reservoirs are common in many of the 
world’s hydrocarbon provinces, including some of the 
largest production fields (e.g., Olson et al., 2009). What 
renders a reservoir ‘good’ is not necessarily the high 
porosity and permeability of its rocks, but possibly 
its large volume and sufficiently high porefluid 
pressure. The sandstones of the Kapp Toscana Group 
are thus considered to have a fairly good potential for 
the sequestration of CO2, especially since the most 
promising upper reservoir unit (672−700 m depth in well 
Dh4, Fig. 15)—with the best porosity and permeability 
properties—has yet to be accounted for volumetrically 
and evaluated by waterinjection tests.
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be small and their connectivity baffled by permeability 
barriers. The yielding fluid pressure for these barriers 
needs to be further assessed. 

The sandstones of the Kapp Toscana Group were pre
selected as the main target, because their subsurface 
pressure and temperature conditions might allow 
the gaseous CO2 to shrink and convert into a liquid 
condensate with increasing reservoir pressure (Figs. 
15 and  16). This notion is now put in doubt by the 
finding that the targeted reservoir has a significant 
underpressure, although this fact simultaneously implies 
that the reservoir is apparently well sealed. It is thus 
important to compare the reservoir’s static and dynamic 
pressure, which can be done with more comprehensive 
fluidinjection tests and may allow the CO2storage 
potential of the reservoir to be assessed more realistically. 
There are also reasons to believe that the cumulative  
injection and reservoir pressure increase may cause a 
gradual increase and opening of the reservoir fractures 
(as discussed below). For the evaluation and modelling 
of this phenomenon, it is crucial to assess the actual 
connectivity of rockmatrix pores with the fractures 
(Farokpoor et al., 2011). 

Significance of rock fractures

The project results indicate that rock fractures are 
particularly important for the rock permeability 
and fluidstorage capacity, and that their role may 
significantly increase with the cumulative injection of 

Reservoir permeability 
The project results confirm the initial geological 
prediction that there are three main porous aquifers in 
the study area (Fig. 15): an extensive upper aquifer in the 
sandstones of the Helvetiafjellet Formation (140−200 m 
depth), a local western aquifer in the middle part of the 
Rurikfjellet Formation (c. 400 m depth), and an extensive 
and much thicker lower aquifer in the sandstones of the 
Kapp Toscana Group (below 670 m depth). This last 
aquifer is targeted by the present project as a potential 
reservoir for CO2 storage. 

The coreplug and permprobe data indicate low 
permeability for the reservoir sandstones, mainly in the 
range of 1−2 mD (Farokpoor et al., 2010, 2011). However, 
rock fractures render the net permeability much higher, 
as evidenced by the loss of both drilling fluid and cement 
at certain depth intervals of the wells during drilling. 
The true permeability of fractured reservoirs, however, 
can only be assessed by fluidinjection tests. The water
injection test performed for a 100 m interval of well Dh4 
(870−970 m depth) indicates a net mean permeability of 
45 mD per 1 m thickness (Fig. 14). This value is more 
than an order of magnitude higher than analysed in the 
sandstone plugs, and the difference could be significantly 
larger in that the main part of the injectivity is probably 
due to a 5 mthick conglomeratic sandstone unit within 
this zone. This observation highlights the fact that 
relatively thin highinjectivity zones play a crucial role 
in the targeted reservoir rock succession. However, the 
volume of these beddingparallel flow zones seems to 
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CO2 and reservoir pressure increase. Fractures can be 
healed (closed by the enveloping stress), sealed (filled 
with secondary minerals) or open (Laubach & Lander, 
2009; Olson et al., 2009). In the present case, the rocks 
show a high proportion of healed and open fractures, 
and relatively few sealed ones (Ogata et al., 2012), which 
indicates a potential for reservoir leakage, especially 
when the reservoir pressure increases. In order to 
evaluate this important issue, a detailed mapping of 
the fractures and analysis of their diagenetic state have 
been carried out (Ogata et al., 2012) in order to develop 
a geomechanical fracture model of the reservoir and 
caprock succession (e.g., Wennberg et al., 2006; Olson 
et al., 2009). The analysis will focus on the length and 
connectivity of the fractures, which control the fluid 
conductivity of fractures (Odling & Webman, 1991; 
Odling, 1994), and on the evidence of possible fracture 
swarms or permeable ‘corridors’ that may reduce cap
rock integrity (Ogata et al., 2012). Experience from 
tightreservoir oil fields indicates that such features may 
cause an early water breakthrough at the production 
stage, whereby the oilwater contact is immediately 
pulled up through these corridors (e.g., Questiaux et al., 
2010). In contrast to a hydrocarbon production case, 
this effect would actually be desirable in the present 
instance, as it might help to deplete the reservoir of its 
brine and thus reduce the rate of pressure rise due to the 
CO2 injection. 

Fractures can form due to tectonic forces, increased fluid 
pressure, rock dewatering, decompaction, diagenetic 
changes or significant cooling (e.g., Hancock, 1985; 
Olson et al., 2009; Ogata et al., 2012). In the present 
case, several factors have probably contributed to the 
development of the observed fracture systems. Firstly, 
the ubiquitous Cretaceous dolerite intrusions probably 
caused fracturing as the heated wall rocks underwent 
cooling (Senger et al., 2012). Secondly, intense fracturing 
was caused by the Early Cenozoic transpression, flexural 
subsidence, deep burial, compaction, thrusting and 
subsequent decompaction by erosional removal of 2−3 
km overburden (Braathen & Bergh, 1995; Bergh et al., 
1997; Braathen et al., 1999). Thirdly, the Late Cenozoic 
crustal breakup between the Barents Sea Shelf and 
Greenland probably caused additional fracturing.

The investigated rock succession shows clear evidence 
of compressional and shearinduced fracturing, which 
includes several generations of lowangle fractures/
thrusts as well as sets of steep conjugate fractures spaced 
at a decimetre scale (Larsen et al., 2009; Wærum, 2011; 
Ogata et al., 2012). Similar fracture sets are reported 
from the coal mines of Central Spitsbergen, where E–W
striking normal faults occur in addition to the eastward
directed thrusts and sporadic westward backthrusts. 

The well tests have thus far shown stable annulus 
pressure, consistently indicating both beddingparallel 
flow and similarly oriented permeability barriers. The 

apparent integrity of caprock shales has been confirmed 
further by two hydraulicfracturing (LOT) tests 
conducted in 2011. However, the topic of the caprock 
sealing capacity requires further consideration.

As pointed out earlier in our discussion, one of the 
central issues that needs further investigation is the 
occurrence and possible role of steep fractures in the 
caprock succession, as these features may potentially 
be activated by the rising reservoir pressure and may 
cause both CO2 leakage and reservoir brine escape to the 
surface. An assessment of these effects will require an 
extensive study of the caprock fracture system, followed 
by its geological modelling and a numerical simulation 
of its responses to the expected reservoir conditions (i.e., 
porefluid saturation change and pressure buildup). 
Every study of rock fractures in well cores requires much 
caution, because both horizontal and vertical fractures 
can form during the actual drilling operation (Kulander 
et al., 1990). Our preliminary study suggests that nearly 
90% of fractures observed in the cores may be due to 
the drilling stress and core decompression. Therefore, 
studies on nearby outcrops may provide more reliable 
data in this respect.

Conclusions
International scientific panels are sending urgent appeals 
to the world at large to reduce their CO2 emissions in 
order to counter the impending global climatic warming. 
Subsurface storage of  is now widely considered as a 
direct countermeasure, but its technical feasibility still 
needs to be demonstrated. The Longyearbyen CO2 Lab 
is one of the global pilot projects designed to investigate 
and demonstrate this possibility.

Svalbard’s Longyearbyen community in the Norwegian 
High Arctic, with a coalfuelled single power plant and 
thick sedimentary bedrock, is considered to be an ideal 
place to run a demonstration project of subsurface CO2 
sequestration. The database includes cored slimhole 
wells, waterinjection tests, a grid of seismic sections, 
results of outcrop studies and a range of laboratory 
analyses. The initial results of the Longyearbyen CO2 Lab 
project are as follows:

The targeted reservoir consists of sandstones of the 
Upper Triassic–Middle Jurassic Kapp Toscana Group 
at a depth below 670 m. The sandstone bodies are of 
lagoonal, tidal/deltaic, barrierspit and shoreface origin, 
5−40 m thick, fractured and locally intruded by dolerite 
sills and dykes. 

The lateral connectivity of the sandstone bodies seems 
to be better than their vertical connectivity, as the 
reservoir appears to have vertically isolated pressure 
compartments. Reservoir pressure is approximately 
30% of hydrostatic pressure, which implies a state of 
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an instrumental acousticimaging capacity and several 
environmental baseline studies.
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