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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 ’PSDM-
coloured’ 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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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.
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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 
in the reservoir could potentially be constrained, 
especially in a 4D-mode, i.e., in comparison between a 
base (before CO2 injection) and monitor survey (during 
CO2 injection).

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., in press; Rismyhr et al., in press), 
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 
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Figure 11. (A) Locations at which seismic traces are extracted from the PSDM seismic image (C1 – caprock, R1 – upper part of the reservoir, R2 
– rest of the reservoir). (B) to (D): seismic traces and reflectivity diagrams. (B) Trace cutting through caprock saturated with brine, R1 saturated 
with CO2 and R2 saturated with brine. (C) Trace intersecting the caprock and the fault within C1 saturated with brine, R1 as well as R2, both 
saturated with CO2. (D) Trace crossing C1, R1 and R2 at a location where they are saturated with brine. Black traces are extracted from the 
model filled with brine (model S1) and red traces are extracted from the model in which the Wilhelmøya subgroup, the De Geerdalen Formation 
and the fault are filled with CO2 (model S6).
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also possible, and a range of manual and semi-automatic 
workflows exist for both fracture and sedimentological 
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 
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Figure 12. (A) P-wave impedance for layered model characterised by thin layers displayed in Fig. 7C. (B) 33% random seismic-coloured noise. 
(C) PSDM seismic section for pristine reservoir. (D) Wilhelmøya reservoir as well as fault fully saturated with CO2. (E) Same PSDM sections 
as in (C), but superimposed with noise. (F) Same PSDM sections as in (D), but superimposed with noise. Refer to Table 1 for details on models 
L1-L2(n). 
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 point to a number of challenges including time-lapse 
reflectivity fading and seismic imaging issues related to 
a generally increasing CO2 saturation within the plume 
envelope (Chadwick et al., 2010).

On a smaller scale, Daley et al. (2008) presented time-
lapse 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), surface-
downhole 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 CO2-
saturated 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 pre-
existing 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 fluid-
rock interactions are often more significant with CO2-
rich 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.
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•	 Small-scale (i.e., few metres displacement) normal 
faults as seen at Konusdalen and most likely 
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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