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Seismic modelling of metre-scale normal faults at a
reservoir-cap rock interface in Central Spitsbergen,
Svalbard: implications for CO2 storage
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On Svalbard (Arctic Norway), a pilot-scale research project has been established to investigate the feasibility of storing locally produced CO2
in geological aquifers onshore. Drilling, geophysical and geological data acquisition and water-injection tests confirm the injectivity and storage
capacity of the naturally fractured and compartmentalised siliciclastic storage unit that is located at c. 670–1000 m depth below the proposed
injection site in Adventdalen, Central Spitsbergen. Excellent outcrops of the reservoir-caprock units 15 km from the planned injection site allow
for detailed sedimentological and structural studies, and complement 2D seismic data acquired onshore and offshore. In this contribution, we
focus on small-scale (metre-scale displacement) normal faults present in both reservoir and caprock to quantify their seismic detectability. We
generate synthetic seismic sections of structural models based on high-resolution virtual outcrop models populated with elastic parameters from
wireline log data. We address a number of geological scenarios, focusing on CO2 migration within the compartmentalised reservoir, its baffling by
normal fault zones and migration of CO2 along a hypothetical fault in the caprock. Our results indicate that while the small-scale faults are unlikely
to be imaged on conventional 2D seismic data, the fluid effect associated with CO2 migration along the fault zone will generate considerable
reflectivity contrasts and should result in good definition of the extent of the CO2 plume even in such structurally confined settings.
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Introduction
Large-scale sequestration of CO2 in geological aquifers is
considered as a potential mid-term solution to ameliorate
the global increase in anthropogenic CO2 emissions, but
is only conducted at a limited number of sites worldwide,
typically offshore (Bachu, 2008; Michael et al., 2010;
Ringrose et al., 2017). Subsurface injection of CO2 has
been utilised by the oil industry for over 50 years as part
of enhanced oil recovery projects, and is particularly
actively used onshore North America (Gozalpour et

al., 2005). In Europe, CO2 is currently stored at two
industrial-scale sites offshore Norway, Sleipner and
Snøhvit, with approximately 1.5 million tonnes of
cumulative injection annually (Eiken et al., 2011).
Pilot-scale CO2 storage projects have been undertaken
onshore, notably at the Ketzin site in Germany (Kempka
& Kühn, 2013; Bergmann et al., 2016), the Hontomin site
in Spain (Vilamajó et al., 2013; Ogaya et al., 2013) and the
Frio site onshore Texas, USA (Daley et al., 2008; Doughty
et al., 2008). Such pilot-scale sites greatly contribute
to understanding how CO2 migrates in a variety of
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geological reservoirs, how CO2 can be effectively
monitored and how injection strategies can be optimised.
Onshore Svalbard, such a pilot-study was initiated by the
University Centre in Svalbard in 2007 (Braathen et al.,
2012). Longyearbyen, Svalbard’s main settlement, is well
suited for this endeavour due to 1) proximity to a CO2
point source, the coal-fuelled power plant, 2) favourable
geological conditions with a reservoir-cap rock system
below Longyearbyen and 3) local infrastructure and
competence in high Arctic technical operations under
strict environmental laws.
The injection of fluids into the subsurface raises the risk
of seal failure and fluid migration along pre-existing
zones of weakness (e.g., faults, fracture corridors; Ogata
et al., 2014a). Understanding the detection thresholds of
such events requires careful modelling of the relevant
imaging techniques (e.g., seismic, EM, gravity). Such
models are rarely based on outcrop-based geological
models where forward modelling may serve as an
important link to quantify the effects of fluid migration
within the reservoir and caprock on the expected seismic
image. This bridging between outcrop and seismic
data is vital for improved seismic interpretation and
the evaluation of sub-seismic features with significant
potential to impact fluid flow, as e.g., the fault zones
identified in central Spitsbergen. Seismic modelling also
allows testing of different scenarios which are paramount
both in the context of hydrocarbon exploration and CO2
sequestration.
Lubrano-Lavadera et al. (2018) presented a large-scale
synthetic study of seismic imaging of a CO2 plume,
partly based on the regional, dipping, Longyearbyen CO2
lab reservoir geometry (Figs. 1 & 2). Nonetheless, no
dedicated studies have so far addressed the outcropping
section of the Longyearbyen CO2 lab target, despite the
availability of excellent exposures of small-scale fluidflow barriers such as faults and igneous intrusions
(Senger et al., 2013; Ogata et al., 2014b). In addition,
there is a clear need to quantify how fault imaging will
be affected by the presence of fluids such as migration of
CO2 through a fault in the caprock:
• In a specific range of geological parameters and elastic
properties representative for the Longyearbyen CO2
lab, what is the seismic detectability if CO2 starts
propagating along a fault zone in the caprock?
• Can seismic surveys constrain the edge of a CO2
volume in a segmented reservoir?
In this contribution, we demonstrate a complete
workflow of generating synthetic seismic images
of virtual outcrop models. We focus on outcrops in
central Spitsbergen exhibiting small-scale normal faults
affecting the CO2 storage reservoir and caprock. We
extract the main geometrical features from the outcrops
to construct a realistic geometrical model. We use well

data to populate it with representative elastic parameters.
Subsequently, we test a CO2 leakage scenario to
determine the detectability of a potential CO2 migration
along a fault system propagating into the caprock shales.

Project overview and geological setting
The Longyearbyen CO2 lab project aims to inject CO2
into the subsurface in central Spitsbergen in order to 1)
reduce local atmospheric CO2 emissions from the coalfuelled power plant (c. 70,000 tons of CO2 per annum),
2) improve the understanding of monitoring CO2 flow
in the subsurface, and 3) optimise injection strategies
of CO2 into unconventional reservoirs. The latter two
points are directly applicable to larger-scale CO2 storage
projects offshore, where prohibitive costs hamper such
feasibility studies. Braathen et al. (2012) provided a
comprehensive overview of the Longyearbyen CO2
lab project’s motivation and initial phase. Senger et al.
(2015) presented initial storage capacity estimates and
highlight some of the geological uncertainties present.
The project’s Phase II final report (Unis CO2 Lab AS,
2015) summarises all subsurface work including the
discovery of natural gas and the subsequent need for
comprehensive plugging and abandonment of the
boreholes.
2D seismic data illustrate the SW regional dip of the
reservoir-caprock system (Bælum et al., 2012). The
targeted reservoir is a naturally fractured siliciclastic unit
comprising sandstones, conglomerates and siltstones
with intraformational shale units, and belongs to the
Upper Triassic to Middle Jurassic Kapp Toscana Group
(Fig. 1; Braathen et al., 2012). The Kapp Toscana Group
reservoir comprises a relatively thin (15–24 m) upper
reservoir, the Norian–Aalenian Wilhelmøya Subgroup
(Rismyhr et al., 2019), and a thicker (c. 270 m) lower
reservoir, the Carnian–early Norian De Geerdalen
Formation (Fig. 2). The matrix porosity is somewhat
better in the upper reservoir (6–20%) compared to the
lower reservoir (2–16%; Mørk, 2013; Senger et al., 2015).
The reservoir is heavily fractured, and natural fractures
have been characterised in detail in both drillcores and
outcrop exposures (Ogata et al., 2012, 2014b). Natural
fractures contribute to improved permeability, fluid
access to secondary, dissolution-related, porosity, and
are estimated to contribute with 2.5% of storage potential
(Senger et al., 2015). The shale-dominated caprock
belongs to the Bathonian–Ryazanian Agardhfjellet
Formation (Koevoets et al., 2019), the time-equivalent of
the prolific Late Jurassic source rocks of the Norwegian
Continental Shelf. As part of the research effort, waterinjection tests were conducted to quantify the reservoir
injectivity. Approximately 1500 m3 of water were injected
through the DH7A borehole in September 2012, at an
approximately stable rate of around 460 m3/day (Larsen,
2012; Senger et al., 2015). These injection tests confirm
good injectivity and a flow capacity of 39 mD•m, but also
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Figure 1. Geological overview of the study area, adapted from Koevoets et al. (2018). (A) Location map of the Svalbard archipelago, with
the study area highlighted by the red rectangle. (B) Expanded plan view of the UNIS CO2 lab well park in Adventdalen, where six wells were
drilled in close proximity to each other. (C) Geological map of the study area, including the location of the studied outcrop at Deltaneset, data
courtesy of Norwegian Polar Institute. Selected 2D seismic profiles presented in Fig. 5 are indicated, the full 2D seismic coverage is provided in
Bælum et al. (2012), Senger et al. (2013) and Anell et al. (2014). (D) Regional cross-section across the Central Spitsbergen Basin illustrating the
southwesterly regional dip in the study area, modified after Dallmann (2015). The stratigraphy penetrated by the deepest well in the UNIS CO2
lab well park (’proposed injection site’ on the map), DH4, is marked on the cross-section.

highlight that the target reservoir is compartmentalised
to the extent that two wells 94 m apart are not in direct
communication and, thus, lateral flow barriers must
be present (Senger et al., 2015; Mulrooney et al., 2019).
2D seismic data covering the injection site do not show
any large-scale normal faults in the area (Bælum et al.,
2012; Anell et al., 2014; Tsuji et al., 2016). Only low-angle
décollements and associated thrust faults are present
(Blinova et al., 2013; Roy et al., 2014; Beka et al., 2017).
Nonetheless, detailed field mapping of the outcropping
reservoir at Konusdalen 15 km northeast of the planned
injection site reveals a series of normal faults that are
likely to contribute to reservoir compartmentalisation
(Ogata et al., 2014b; Mulrooney et al., 2019).

Data and methods
Fig. 3 illustrates the applied integrated workflow from
outcrop to synthetic seismic data. In essence, we integrate
geometrical properties of fault zones from the outcrops
with realistic elastic properties from the boreholes
drilled at the UNIS CO2 lab well park in Adventdalen
(Fig. 1B). The resulting elastic property models serve as
input for seismic modelling with increasing complexity;
from simple models with constant background elastic
properties, through layered models with elastic
properties extrapolated from well data to models with
random seismic noise added (Table 1).
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Figure 2. Regional and local stratigraphy of the study area. (A) Regional stratigraphic column, adapted from Nøttvedt et al. (1993). (B)
Overview of the stratigraphy penetrated by the DH4 borehole in the UNIS CO2 lab well park; lithological log modified after Atle Mørk, wireline
logging by Harald Elvebakk (Geological Survey of Norway). WØSG = Wilhelmøya Subgroup.
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Figure 3. Summary of applied workflow. SfM – Structure-from-motion. UAV – unmanned aerial vehicle.

Table 1. Summary of tested geological models. Each model has the same geometry, but CO2 is substituted for brine in the reservoir and within
the hypothetical fault defined in the caprock by an increase of porosity. The CO2 evolution in the simple (S) models is displayed in Fig. 7B. The
CO2 evolution in the layered (L) models is displayed in Fig. 7D.
Model name

Geological complexity

Geometry

Fluid presence

Noise

Results shown

S1

Simple

Fig. 7B (1)

Brine in entire model

No

Fig. 10A

S2

Simple

Fig. 7B (2)

CO2 in Wilhelmøya subgroup, brine elsewhere

No

Fig. 10B

S3

Simple

Fig. 7B (3)

CO2 in Wilhelmøya and plume in De Geerdalen

No

Fig. 10C

S4

Simple

Fig. 7B (4)

Start of the CO2 migration in the caprock fault

No

Fig. 10D

S5

Simple

Fig. 7B (5)

Progress of the CO2 in the fault

No

Fig. 10E

S6

Simple

Fig. 7B (6)

Reservoir and fault filled with CO2

No

Fig. 10F

L1

Layered

Fig. 7C

Brine in all the model

No

Fig. 12C

L2

Layered

Fig. 7C

CO2 in Wilhelmøya and the fault in the caprock

No

Fig. 12D

L1n

Layered

Fig. 7C

Brine in all the model

Yes

Fig. 12E

L2n

Layered

Fig. 7C

CO2 in Wilhelmøya and the fault in the caprock

Yes

Fig. 12F

Virtual outcrop modelling

Seismic modelling

Structure-from-motion (i.e., photogrammetry; Westoby
et al., 2012) has become an increasingly popular
method for effici
ently generating accurate 3D geo
referenced outcrop models (Fig. 4), comparable in
quality to terrestrial lidar scanning (Buckley et al.,
2008). Photogrammetric datasets were acquired in three
approxi
mately N–S-trending valley sections south of
Deltaneset (location shown in Fig. 1). In all cases, the
east-facing cliff sections showing the faults were imaged
with a hand-held SLR camera (Canon 6D, 21MP and
Nikon D5300, 24MP) with a built-in GPS module. The
virtual outcrop model generation was conducted using
Agisoft PhotoScan Professional (v. 1.3.4), applying
standard photogrammetric processing steps, including
image alignment, dense point cloud generation, meshing
and texturing (Fig. 4; Westoby et al., 2012). Outcrop
models were analysed in Lime, a virtual outcrop
interpretation package, allowing outcrop measurements
including distance and surface orientation (i.e., dip
azimuth and angle) calculated from three selected points.
Field data were used for quality control.

Seismic modelling ranges from computationally
intensive full-wavefield modelling in rather detailed
models, via faster technology such as standard ray tracing
only valid for smoother structures, to the simple and
very efficient 1D convolution approach. 1D convolution
cannot, however, account for geologically complex
settings, i.e., laterally varying structures (Lecomte et
al., 2015). Alternatively, a 3D ray-based convolution
modelling approach involving point-spread functions
(PSF) is similar in efficiency and ease-of-use to 1D
convolution, while adding survey- and model-dependent
resolution and illumination effects (Lecomte, 2008;
Lecomte et al., 2016). The PSF is the 3D convolution
kernel applied to a 3D input reflectivity model, instead
of only using a wavelet as convolution kernel in a 1D
convolution performed trace by trace. It corresponds to
the theoretical response of a point scatterer (diffraction
point) after pre-stack depth migration (PSDM); it does
contain the wavelet, like 1D convolution, but also other
key parameters constraining illumination and resolution
of a seismic acquisition and imaging. Note that the PSFbased convolution modelling, as applied in this study,
generates seismic images corresponding to PSDM
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Figure 4. Virtual outcrop model generation workflow for the Konusdalen outcrop of the fault-affected Wilhelmøya Subgroup. Georeferenced
high-resolution oblique images were captured with a high degree of overlap (approx. 80%) using both hand-held and UAV-borne cameras.
Images are imported to Agisoft PhotoScan Professional (version 1.3.4), which incorporates the structure-from-motion algorithm. Point matching
algorithms allow similar features in multiple images to be matched and allow creation of spatially referenced sparse (A) and subsequently dense
point clouds (B). The point cloud is used to create a mesh surface of the virtual outcrop (C), upon which the original photographic imagery is
draped (D) to result in a photo-realistic virtual outcrop model suitable for further analyses.
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The elastic parameter values used in the modelling
are listed in Table 2. To predict elastic parameters, the
Gassmann equations (Gassmann, 1951) are employed
as described in Lubrano-Lavadera et al. (2018). The
confinement and pore pressures are 18.2 MPa and 7 MPa,
respectively, and the temperature is 25°C. A shale facies
is considered for the caprock and sandstone facies for
the reservoir. The dry frame parameters are computed
from the log data for each layer. The predicted P-wave
and S-wave velocities are superimposed on the Vp and
Vs logs. They represent a reasonable fit between wireline
data and predicted properties. To properly consider
the effect of CO2 injection in the target reservoir, we
compute the bulk modulus and density of the CO2 for
appropriate pressure and temperature conditions of the
reservoir using Span & Wagner (1996). In this study, we
do not use intermediate values for CO2 saturation, since
seismic data cannot constrain the saturation itself, only
the presence and absence of CO2 (Lubrano-Lavadera
et al., 2018). Thus, a CO2 saturation of 0% is employed
for the parts of the model saturated with brine, and a
CO2 saturation of 100% is used in the model segments
containing CO2.

images, i.e., with a true depth axis and no time-distortion
effects. To simulate the latter, depth-to-time conversion
could be used, but is not the focus of the present work.
We first perform a detailed seismic amplitude study
focusing on recognising the presence of CO2 in a simple
structural model, i.e., without including spatial variation
of the elastic parameters in the ’background’ away
from the features of interest (i.e., CO2-filled segments
including faults). This approach provides the theoretical
seismic imaging capacities of the target reservoir beneath
the caprock and, thus, the impact of the CO2 injection
within the reservoir can be analysed. We design a PSDM
filter in the wavenumber domain, before applying a
Fourier Transform to obtain the corresponding PSF in
the spatial domain (Lecomte et al., 2016). Subsequently,
we define a more realistic model including vertically
layered elastic parameters from well data to integrate
the effect of realistic geology and further appreciate
the detectability of the CO2 signal within surrounding
structures. Finally, we add noise to the modelling results
to evaluate further if the CO2 signal would be visible in
real data. The different approaches and models run are
listed in Table 1.

Structural characterisation and
geomodelling

Rock physics modelling
The structural models gained from virtual outcrop
modelling are populated with realistic elastic properties
based on wireline data acquired from the slimhole
wellbore DH4 (Elvebakk, 2010). There is full P-wave
velocity (Vp) and S-wave velocity (Vs) coverage in the
zone of interest. Density was measured using a trisonde
density probe down to 700 m depth and represents a
qualitative reading only (Elvebakk, 2010). To generate
a quantitative density curve, the curve was calibrated
to core plug density measurements (Johnsen &
Skurtveit, 2010). This density curve is used to estimate
a porosity curve, which is then compared to core plug
measurements from the reservoir section (Mørk, 2013;
Senger et al., 2015).

Seismic-based fault interpretation
Existing onshore and offshore 2D seismic data were
constrained by both the DH4 borehole in Adventdalen
and the regional geology and interpreted (Fig. 5). The
dominant frequency of the presented data is typically 25
Hz for the commercial surveys (ST8815 and NH8802)
and 35 Hz for the UNIS survey. Assuming a P-wave
velocity of 4 km/s, representative of the highly lithified
sediments of the study area (Bælum & Braathen, 2012;
Bælum et al., 2012; Anell et al., 2014), this results in a
vertical resolution of 40 m and 28.5 m, respectively. More
recent targeted 2D seismic acquisition (Tsuji et al., 2016)

Table 2. Elastic parameters used to characterise different zones in the seismic models S1 to S6.

Caprock (C1):

Upper part of Wilhelmøya Subgroup
(R1):

Lower part of Wilhelmøya Subgroup and
the underlying De Geerdalen Formation
(R2):

Porosity (%)

Vp (km/s)

Vs (km/s)

Density (g/cm3)

matrix:brine

1,0

3.35

1.64

2.58

fault: brine

2,0

3.30

1.63

2,57

CO2

2,0

3.05

1.64

2.57

matrix:brine

15,0

4.05

2.21

2.41

CO2

15,0

3.95

2.23

2.36

fault: brine

16,0

4.05

2.21

2.39

CO2

16,0

3.95

2.23

2.35

matrix:brine

10,0

4.18

2.31

2.46

CO2

10,0

4.06

2.32

2.49
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and UNIS09-01 profiles. (E) The marine profile ST8815-210 illustrates the dipping nature of the reservoir-caprock system towards the southwest.

provides improved resolution, but is spatially limited
to the near-well area. No tectonic features on the order
of tens of metres offset have been identified along the
reservoir-cap rock interface in the field, and it is thus
not surprising that the seismic profiles are dominated by
parallel reflections, which are only locally disturbed by
the presence of thrusts and back-thrusts (Blinova et al.,
2013) as well as igneous intrusions (Senger et al., 2013).

Outcrop-based fault characterisation
Extensional fault systems were identified in the eastfacing outcrops along the three river valley sections
(Fig. 6A). Virtual outcrop models generated for these
outcrops (Fig. 6B, D) were used to accurately determine
the orientation and spacing of faults, the results of which
are used as input for seismic modelling. Faults affect the
target storage formation (Fig. 6B) in Konusdalen, where

three rotated fault blocks ranging from 2 to 6 m in width
are recognised. These fault blocks define a 2 m-wide
graben and an 11 m-wide horst. The faults strike NE–
SW to ENE–WSW and dip approximately 65° towards
NW–NNW. Antithetic faults are slightly steeper, with
dips of approximately 70° towards SE–SSE. These faults,
while exhibiting minor offsets, have been suggested
to compartmentalise the reservoir at the UNIS CO2
lab well park and prevent across-fault fluid migration
(Mulrooney et al., 2019).
Faults affecting the caprock interval are observed in
a valley 1.5 km to the east of Konusdalen informally
named ’Criocerasdalen’ by Mulrooney et al. (2019),
and in a valley 1 km to the west, hereafter referred to
as ’Konusdalen-West’. In Criocerasdalen (Fig. 6C),
these faults show wider spacing (in the range of 25 and
45 m) than the faults in the reservoir and lower angle
dips (approximately 25°; Fig. 6C, D). The faults in
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Criocerasdalen strike approximately 10° anticlockwise
to the underlying system. A single fault with a minor
antithetic splay is observed within the caprock in
Konusdalen-West (Fig. 6D) and exhibits a similar strike
and low-angle dip as the Criocerasdalen faults. Given
that displacement on faults in Criocerasdalen tips out
down section within the lower Agardhfjellet Fm, and that
the Konusdalen faults tip out up section approximately
10 m below the interface between the Wilhelmøya
Subgroup and the Agardhfjellet Fm, it is apparent that
both fault systems are not hard linked (Fig. 6E). Fault
complexity, i.e., minor slip surface and damage zones
adjacent to faults, has been described by Mulrooney et al.
(2019), but is below the resolution of the input model for
this study (Fig. 6E).

Geological scenarios and model geometry
Table 1 summarises all models conducted in this
study. The main feature observed in the outcrops is
structural decoupling across the reservoir-caprock
interface, manifested by compartmentalising normal
faults in the Wilhelmøya Subgroup and lower-angle

detachment faults in the Agardhfjellet Fm caprock.
To represent these critical elements within a realistic
model of the UNIS CO2 lab well park, three hypothetical
compartments within the upper reservoir are defined,
connected by a normal fault with vertical offset between
compartments of c. 10 metres (Fig. 7). To represent
the fault in the caprock, a linear feature with higher
porosity compared to the surroundings is defined under
the assumption that enhanced fracturing in the fault’s
damage zone will enhance porosity. Since only limited
petrophysical information from faults in the shaledominated succession is available, we considered this
to be a reasonable assumption, although faults could
represent both barriers and migration pathways to fluid
flow depending on a range of geological factors (e.g.,
cementation, offset, lithology, depth, in situ stresses,
timing and duration of fault activity).
Furthermore, a symmetrical CO2 plume in the
underlying De Geerdalen Fm reservoir is assumed in
order to test the detectability of such a feature. The
plume size, c. 768,000 m3 fully saturated with CO2, would
equate to c. 5,000–62,000 tons of CO2 for the low and
high CO2 density cases presented by Senger et al. (2015),
respectively. For comparison, Longyearbyen’s power
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further up, (B) CO2 volume evolution within the reservoir and intruding into a fault within the caprock. Numbers 1-6 correspond to the seismic
modelling results shown in Fig. 10. (C) Layered Vp model. Similar well-log derived models are available for Vs and density. (D) CO2 distribution
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plant emitted c. 70,000 tons of CO2 in 2016. To simulate
CO2 injection within this reservoir, brine is substituted
with CO2 in different parts of the reservoir.
The model thus created remains simplistic and it will be
difficult to compare it to actual seismic data. To include
the complexity of seismic wave velocities (Vp, Vs) and
the density observed in the log (Fig. 8), and thus design
a more realistic representation of the host rock, we
define a layered model employing thin horizontal layers
in both the caprock and reservoir (Fig. 7C). Note that
although only Vp is displayed, Vs and density profiles are
constructed accordingly. However, since the focus of this
more elaborate model employed in models L1 and L2 is
to study the effect of CO2 substitution at the caprock/
reservoir contact on seismic data as well as CO2 leakage
through faults, we assume that only the upper part of the

Wilhelmøya Subgroup reservoir (R1 on Fig. 8) as well as
the fault within the Agardhfjellet Fm are saturated with
CO2 and omit the plume within the De Geerdalen Fm
(Fig. 7D).

Seismic modelling
PSDM filter design
We first compose a PSDM filter using the seismic
acquisition parameters employed in the 2D seismic
survey recorded in 2010 (Tsuji et al., 2016), this in order
to get the corresponding illumination and resolution
pattern. The considered seismic line is 1.2 km long with
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shot spacing of 25 m. It is oriented approximately NW–
SE and thus perpendicular to the fault presented in Fig.
6B. The snowstreamer used in acquisition consisted of
groups of 8 geophones over an interval of 25 m, and the
acquisition was similar to that described by Johansen et al.
(2011). In order to investigate the effect of the overburden,
we use the 3D background velocity model described in
Lubrano-Lavadera et al. (2018). Assuming a 50-Hz zerophase Ricker wavelet as source signal, the PSDM filter was
computed by ray tracing within the background velocity
model and in accordance with the survey geometry, but
selecting only the small incident angles (i.e., small offsets
as a proxy of a zero-offset case) for simplicity (Fig. 9A).
The survey- and model-dependent PSDM filter shows
irregularities due to the discrete sampling imposed by the
discrete geophone and shot locations. These may induce
acquisition-geometry dependent imaging noise, which
can commonly be observed in real seismic data. However,
since the analysis of such noise is not part of our study, we
replace the survey- and model-dependent PSDM filter by
a matching analytical filter.
To compute an analytical PSDM filter, the necessary
parameters are the maximum reflector dip to image,
the average velocity in the target, an incident angle and

a wavelet (Lecomte et al., 2016). We use a maximum
illumination dip of 60° estimated from the 2010 survey
parameters (extracted as the opening of the filter in Fig.
9A), an average Vp velocity of 4 km/s measured in the
DH4 well (Fig. 8), an incident angle of 0° (zero-offset
case) and the same 50-Hz Ricker wavelet selected above.
Fig. 9B presents the corresponding analytical PSDM filter
and its associated PSF, in comparison with the surveyand model-dependent case (Fig. 9A). Being analytically
designed, the PSDM filter does not contain acquisitiongeometry dependent effects and corresponds to a uniform
illumination up to 60° reflector dip in both directions. The
associated lateral resolution pattern corresponds to about
half of a wavelength, as generally observed in standard
seismic surveys in relatively flat overburden, even after
migration (Herron, 2011). A perfect illumination pattern
(i.e., imaging dips up to vertical) would yield a lateral
resolution of a quarter of a wavelength (as for the vertical
resolution), but is usually not attainable. We thus prefer
to retain a lateral resolution of only half a wavelength in
order to check its impact on the CO2 signature when
blending with the surrounding structures, especially with
the layering introduced in the second set of structural
models. Note that lateral resolution cannot be accounted
for when only using 1D convolution.

334 P. Lubrano-Lavadera et al.

A)
wavenumber Z (1/km)

200m

0.4

-60

-40

Z

0

-20

0

-50

B)

0

wavenumber X (1/km)
Amplitude
0

0.4

200m

50

-0.4

X

0.8

wavenumber Z (1/km)

200m

0.4

-60

-40

Z

0

-20

0

-50

0

wavenumber X (1/km)

200m

50

-0.4

X

Figure 9. (A) Vertical cross-section of the PSDM filter (wavenumber domain, left) and corresponding PSF after Fourier transform of the PSDM
filter (spatial domain, right) with parameters imitating the 2010 survey of Tsuji et al. (2016). (B) Analytical PSDM filter with maximum
illumination dip of 60°.

In the following, all modelled PSDM images are
amplitude-true, i.e., having a one-to-one relation with the
input reflectivity. The amplitudes are calibrated in such
a manner that a horizontal acoustic impedance contrast
of reflectivity strength 1 results in a seismic reflector of
amplitude 1. This allows direct amplitude comparisons
between all modelled scenarios, from the simple ones, via
the layered ones and finally to the latter with the random
noise added.

Seismic imaging of CO2 migration through
reservoir and fault
The analytical PSF of Fig. 9B is first applied to the
simplified reservoir models (Fig. 7B). Results are displayed
in Fig. 10. To better illustrate the differences, three
representative traces are extracted from each of these
images to demonstrate the main features of the reservoir
and reservoir/caprock interface reflections (Fig. 11). The
first trace is located outside of the CO2 plume within the
De Geerdalen Fm, but cuts through the CO2-saturated
Wilhelmøya Subgroup. The second trace intersects
all important model elements: caprock fault, reservoir

and CO2 plume. The third trace crosses a part of the
Wilhelmøya Subgroup not affected by CO2 injection.
The fault in the caprock, characterised by a higher
porosity, appears in the PSDM images (Figs. 10A &
11C). The fact that already a minor change in porosity,
from 1 to 2% in the caprock and from 15 to 16% in the
reservoir (Table 2), within a formation can trigger a
seismic response is especially important in the studied
low-matrix porosity succession. When the brine is
substituted with CO2 in the caprock fault, the reflectivity
increases and polarity changes. The seismic amplitude is
doubled due to the combined effect of increased porosity
and the presence of fluid. Thus, it appears possible
to image a CO2-saturated fault zone though exact
definition becomes difficult in the presence of geological
complexity and noise (Fig. 12).
When the upper part of the Wilhelmøya Subgroup (R1)
is examined, only one reflection appears in the seismic
data (Figs. 10 & 11), although there are two distinct
interfaces in the reservoir, its top and base. This is due
to limited seismic resolution as constrained by the
PSF. Otherwise, the Wilhelmøya Subgroup reflection
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Figure 10. PSDM seismic sections for different CO2 distributions in the simple (S) models, (A) brine-filled reservoir, (B) CO2 injected into R1, (C)
CO2 forming a plume in R2, (D) CO2 starting to migrate along a hypothetical fault in the caprock, (E) CO2 progressing within the fault and (F)
CO2 filling the fault completely. The numbers in brackets indicate the start models presented in Fig. 7B. Further details on models S1 to S6 are
listed in Table 1, while elastic parameters are listed in Table 2.

amplitude does not seem to change with or without the
presence of CO2 (Fig. 10A, B). A change appears with
the migration of the plume (Fig. 10B, C). The traces in
Fig. 11B–D present a decrease of amplitude and a small
shift in the location of the peak. Therefore, an amplitude
analysis of the reflection associated with the Wilhelmøya
Subgroup will reveal the location of the lateral contact
between CO2 and brine. The base of the CO2 plume
located in the lower part of the reservoir (R2) is clearly
visible (Figs. 10C, D & 11C).

Effect of realistic geology and noise on seismic
imaging
Subsequently, we consider the model characterised by
surrounding thin layering in the host rock (Fig. 7C).
The corresponding acoustic impedance distribution is
illustrated in Fig. 12A. In addition, we generate a ’PSDMcoloured’ noise model by convolving a white random
noise grid (Gaussian distribution) with the analytical
PSF to simply mimic imaging noise similar to the one
recorded in actual data (Fig. 12B). This random noise
thus has the frequency range of the seismic data, while
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its spatial pattern is filtered in the same manner as the
seismic signals during migration, hence being similarly
smeared and distorted. The noise amplitude is calibrated
to 33% of the maximum seismic amplitude (hence a
signal-to-noise ratio of 3), thus corresponding to an
average variation of the difference in seismic amplitudes
for PSDM sections with or excluding CO2. Fig. 12C, D
presents the PSDM sections for a pristine reservoir and
a reservoir with CO2 injected in parts. Fig. 12E, F displays
the same sections with the noise superimposed.
Although the caprock fault is only defined by a porosity
change, it is visible caprock fault in both cases, with and
without superimposed noise (Fig. 12D, F). In addition,
the contact between caprock and reservoir is highlighted
slightly if CO2 is present, such that its lateral distribution
0.05
in7 the-0.05reservoir 0 could potentially
be constrained,
x10
especially in a Reflectivity
4D-mode, i.e., in comparison between a
base (before CO2 injection) and monitor survey (during
CO2 injection).
-3

Discussion
Outcrop to seismic
In this study, we have defined a structural model on
the basis of a 3D virtual outcrop constructed using
photogrammetric processing. This is complementary
to traditional field campaigns conducted on the
outcropping reservoir previously (e.g., Ogata et al.,
2014b; Mulrooney et al., 2019; Rismyhr et al., 2019),
and provides quantitative datasets directly applicable in
reservoir model building. The acquisition and processing
cost was minimal in contrast to laser scanning, and the
quality deemed very high given the study’s purpose. Such
virtual outcrop models can be constructed at a range of
scales, and the vegetation-free exposures on Svalbard
are particularly suitable for large, seismic-scale, outcrop
studies (Anell et al., 2016). Detailed outcrop-scale work is
also possible, and a range of manual and semi-automatic
workflows exist for both fracture and sedimentological
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L1–L2(n).

characterisation of virtual outcrops (Hodgetts, 2013;
Casini et al., 2016; Cawood et al., 2017).
In the present work, the virtual outcrop model is used
to bridge the gap to conventional seismic data through
seismic modelling of relatively small-scale geological
features. We have set out to address geological scenarios
including “How will the seismic signature change if
CO2 starts propagating along a fault zone?”, something
that is readily addressed using the workflow presented
herein, and discussed below. The workflow, however, also
represents an important framework for future studies
dedicated to seismic imaging of outcrops and thus aiding
interpretation of seismic data.

Seismic detection of CO2
Previous research has demonstrated the detectability
of relatively large CO2 plumes by active seismic
measurements, where the focus so far has been
on addressing high-porosity aquifers with a large
contribution of the fluid component to the overall elastic
properties. Chadwick et al. (2010), for instance, presented
a quantitative analysis of the Sleipner industrial-scale
CO2 storage site in the northern North Sea. This study
illustrates the potential for seismic imaging of both the
lateral extent of the plume and the vertical subdivision
of the CO2 by intra-formational shale layers. The authors
point to a number of challenges including time-lapse
reflectivity fading and seismic imaging issues related to
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a generally increasing CO2 saturation within the plume
envelope (Chadwick et al., 2010).
On a smaller scale, Daley et al. (2008) presented timelapse vertical seismic profiling and cross-well seismic data
utilised to image a pilot-scale CO2 injection campaign
of 1600 tons of CO2 into the Frio Formation located in
Texas at a depth of 1500 m. Both P- and S-waves were
recorded and CO2 saturations were calculated on the
basis of a rock physics model calibrated by the observed
change in P-wave velocity of up to 500 m/s. The results
are significant as they illustrate the detectability of CO2
migration away from large-scale plumes and are similar
in scale to future pilot-scale injections envisioned for the
Longyearbyen case study.
The Ketzin site in Germany represents a pilot-scale
scientific CO2 injection campaign where 67,000 tons
of CO2 were injected over a 5-year period (Ivandic et
al., 2015), equivalent to one year of emissions from
Longyearbyen’s power plant. Förster et al. (2006)
provided a comprehensive baseline characterisation of
the site, while subsequent works document geophysical
monitoring by time-lapse 3D seismic (Ivandic et al.,
2015), cross-well seismic (Zhang et al., 2012), surfacedownhole time-lapse electrical resistivity tomography
(Bergmann et al., 2012) reactivity experiments on
reservoir sandstones (Fischer et al., 2013) and numerical
simulations of CO2 migration (Kempka & Kühn, 2013).
Such an integrated and multi-disciplinary approach
is required especially when small quantities of CO2 are
involved as in the presented Longyearbyen CO2 lab case,
or where focus is on monitoring potential CO2 leakage.
Onshore Svalbard, seismic imaging is further
complicated by the presence of permafrost. Permafrost
typically exhibits higher seismic velocities than unfrozen
ground. In the study area, it is approximately 120 m thick.
The spatial and temporal variation in both permafrost
thickness and ice content needs to be considered when
processing and interpreting seismic profiles (Johansen
et al., 2003). Cross-well time-lapse seismic, as discussed
by Daley et al. (2008), may therefore represent a viable
alternative for seismic monitoring of pilot-scale CO2
plumes in areas where permafrost is present.

Detecting CO2 migration pathways
For large-scale CO2 storage to be viable, operators
need to provide regulators with evidence that injected
CO2 remains underground in order to obtain a storage
permit. Geophysical monitoring techniques, including
seismic, EM, gravimetry and remote sensing can all
be used in this context (e.g., Chadwick et al., 2009;
Bergmann et al., 2016 and references therein). The
spatial extent of a plume envelope is often relatively well
constrained, but hypothetical migration and detection
thresholds are poorly constrained when CO2 exploits

pre-existing zones of weakness, such as fault planes.
Our current understanding of CO2 leakage along such
features is partly based on studying natural analogues
of CO2 leakage, such as the zones bleached by past fluid
migration in SE Utah (Shipton et al., 2004; Ogata et al.,
2014a). However, uncertainty remains as to how such
along-fault CO2 migration can be geophysically imaged.
To address this knowledge gap, we constructed a model
with a hypothetical fault extending from the CO2saturated reservoir into the caprock. The fault’s geometry
is based on the orientation of faults exposed at nearby
outcrops, and the fault is progressively filled with CO2.
The fault is first modelled as a zone of enhanced porosity
within the homogeneous caprock, and as such is also
visible without the presence of CO2. The migration of CO2
along this fault, however, greatly enhances its reflectivity
due to the contrast with the surrounding brine-saturated
caprock, even when a more complex background velocity
model and more realistic survey parameters are employed
or noise is added to the seismic traces. This result provides
hope that CO2 escaping from a reservoir by means of preexisting weakness zones can be monitored by repeated
seismic surveys. We advocate that such seismic surveys
are performed as 3D surveys, since this leads both to
higher repeatability (Pevzner et al., 2011) and to smaller
artefacts (Lubrano-Lavadera et al., 2018).
Since we are primarily interested in monitoring the extent
of the CO2 plume along the fault zone, we employed an
end-member case of a CO2-saturated fault zone. Clearly,
CO2 saturation is likely to vary significantly with respect
to physical reservoir properties (e.g., temperature,
pressure, porosity, permeability), wettability, relative
permeability and time since injection. Chemical fluidrock interactions are often more significant with CO2rich fluids than with hydrocarbons and are particularly
important in the caprock (e.g., Alemu et al., 2011). These
reactions may enhance permeability through dissolution,
but may also contribute to sealing of pathways through
the precipitation of carbonate minerals.

Conclusions
Through an integrated workflow focusing on generating
synthetic seismic models of a reservoir-caprock interface
characterised using virtual outcrop models on Svalbard
we conclude that:
• The photogrammetric analysis provides a cost-efficient
means to develop accurate virtual models of the
outcrops in the Konusdalen region suitable for defining
the geometry required for seismic forward modelling.
• Small-scale (i.e., few metres displacement) normal
faults as seen at Konusdalen and most likely
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compartmentalise the reservoir at the proposed storage
site in Adventdalen are unlikely to be imaged using
active seismic data due to resolution limits.
• With the selected acquisition parameters, it is not
possible to discriminate the top of the Wilhelmøya
Subgroup reservoir and its base given the low reservoir
thickness.
• End-member cases representing CO2 saturation
illustrate that even in relatively tight reservoirs, there is
potential for detecting CO2 plumes.
• Seismic imaging of CO2 migrating along a hypothetical
fault zone in the caprock appears feasible, though large
uncertainties exist on the petrophysical characteristics
of fault zones in shale-dominated successions.
• We compare geologically simple with more complex
models, as well as noise-less and noisy models, to
illustrate the imaging degradation with increasing
complexity.
• Comparison of outcrop observations with real-world
2D seismic data illustrates the limitations of seismic
data with respect to both vertical and horizontal
resolution, and the need for optimal use of outcrop
analogue data in seismic data interpretation. Forward
seismic modelling, as presented in this contribution,
provides the necessary bridge between the different
data types and disciplines.
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