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The Sleipner field in the North Sea has been a cornerstone in the study of aquifer
CO, sequestration, with over 20 years of monitoring through time-lapse seismic
analysis. This world-class project has provided critical insights into CO, storage
by detecting anomalous events in seismic imagery, confirming CO, migration
and stabilization within the subsurface. The study observed the growth of the
CO, plume within the storage aquifer layer by analyzing the seismic amplitude
differences between baseline and subsequent monitoring data. The availability
of precise seismic datasets in the Sleipner Project has not only facilitated
monitoring validation but also spurred further research into CO, quantification.
This study focused on verifying the correlation between the amounts of stored
CO, and seismic attributes. Reflection data previously acquired revealed seismic
anomalies attributed to the subsurface CO, plume. The trace envelope attribute,
which only registers positive values, was found to be particularly effective
in delineating the primary boundary of the CO,-affected region. To advance
quantitative monitoring, a new CO, indicator attribute was developed, derived
from the trace envelope and similarity variance. The application of this attribute
resulted in an improvement in regression estimation accuracy, increasing from
0.9895 to 0.9906. The successful matching of CO, storage data with seismic
attributes demonstrates that fluid substitution can be quantitatively assessed
using seismic data manipulation over time, underscoring the potential of seismic
analysis for accurate CO, monitoring in subsurface storage projects.

KEYWORDS
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1 Introduction

Carbon capture and storage (CCS) is an essential technique that requires
continuous research to be beneficial in mitigating the climate crisis. The completion
of storing CO, in a geological subsurface has been validated in an enhanced oil
recovery field and an aquifer formation (Gozalpour et al., 2005; Bachu, 2015). CCS
involves a challenging process requiring critical technological procedures, such as
capturing at source, transportation, subsurface storage, and confirming stabilization
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(IPCC, 2005). Comprehensive offshore and onshore CCS projects
have demonstrated the feasibility of storing millions of tons of
carbon annually (Hannis et al., 2015; Rassool et al., 2020); however,
monitoring this in the subsurface is crucial for public safety and
social awareness (Benson et al., 2012; Romanak and Dixon, 2022).
Regulations require detailed monitoring to confirm the need for
stabilization of the injected CO,. Therefore, high-quality monitoring
data are necessary to succeed in CCS projects.

The Sleipner Project provides a high-resolution, time-
CO,
(Sleipner 4D Seismic Dataset, 2020). This project is a large-scale

lapse seismic dataset for monitoring subsurface
demonstration of CCS on an aquifer formation that was monitored
by time-lapse 2D and 3D seismic and historical matching analyses
(Arts et al,, 2003; Chadwick and Noy, 2010; Chadwick, 2013).
Because the data are high quality, various applications in seismic
analysis have contributed to the geology and geophysics research
in this area. Thin layers were modeled and analyzed using the
amplitude of the seismic wiggles corresponding to each CO,
plume layer (Boait et al.,, 2012; Williams and Chadwick, 2012).
Amplitude variation with offset was used to invert the geophysical
properties from basic impedance to compressibility and shear
compressibility (Haffinger et al., 2016; Dupuy et al.,, 2017a). The
characteristics of high-quality seismic data made it possible to
derive velocity information, which is difficult to calculate inside
the CO, storage layer, in various ways (Raknes et al, 2015;
Chadwick etal., 2019; Cho and June, 2021). The CO, storage volume
divided into layers is becoming so specific that 4D inversion and
simulated annealing are being attempted to overcome the thin-
bed tuning effect and to quantify plume amount (Hema et al,
2024; Izadian, 2024). Subsurface characterization also estimates
physical properties such as saturation, migration, and trapping
of CO, at a fine scale in the Sleipner field (Rubino et al., 2011;
Ghosh et al,, 2015; Ahmadinia et al,, 2020). To date, Sleipner
data have been used in numerous geological and geophysical
research projects.

The estimation of CO, boundaries and the volumes of CO,
injected into the Sleipner reservoir are important for understanding
Sleipner data. Compressibility and shear compliance have been
proven to be more effective for describing CO, plumes than
conventional impedance because they are more closely related to
saturation (Haffinger et al., 2017). The boundary of the Sleipner
CO, plume must be continuously updated for the simulation, which
can markedly affect the quantification results (Zhu et al., 2015).
An effective quantification method is to monitor CO, stored in the
geologic storage using noble gases. For example, He/Ar isotopes
have contributed significantly to the elucidation of the constraints
of the crust and mantle (Buttitta et al., 2020). Introducing these
geochemical methods to CCS studies will facilitate the tracking of
CO, stabilization and migration (Roberts et al., 2017). An alternative
method, if the tracer injection method cannot be applied, is to use
the seismic data. Seismic attributes, a method for identifying plume
boundaries, have been used to interpret a hydrocarbon reservoir
by focusing on the amplitude of an anomaly event. The application
of seismic attributes has evolved into a reservoir analysis technique
(Taner et al., 1979; Taner et al., 1994). Some researchers have used
advanced seismic attribute analysis to track fluid front movement
so that it can be used to characterize and monitor reservoirs (Chen
and Sidney, 1997; Behrens et al., 1998). The physical properties of
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rocks are major seismic attributes (Hart, 2002; Goloshubin et al.,
2008), and although these attributes are easy to calculate and analyze,
their utility should be handled with caution to avoid incorrect
interpretation (Chopra and Marfurt, 2005; Marfurt and Alves, 2015).
Regarding the advantages of seismic attributes, monitoring CO, in
the subsurface would be improved by using a Sleipner time-lapse
dataset to obtain more detail.

Here, we present a validation of whether specific attributes,
rather than the seismic amplitudes from vintage surveys, are
more effective at recognizing the plume boundary of subsurface
CO,. For this purpose, we display an amplitude envelope to
define the CO, plume boundaries using time-lapse data. Based
on these boundaries, the area and volume of the CO, plume
were calculated and correlated with the injected volume of
CO,. To achieve a higher correlation, we combined conventional
attributes and derived a new optimized seismic attribute. The time-
lapse volumes calculated by the new attribute have an increased
correlation value with the injected volume of CO,. The crossplot
between the CO, plume volumes and the amount of injected CO,
quantified the validation of the seismic attribute application in CCS
assessment. The availability of a high-quality dataset motivates the
application of seismic attribute analysis to match CO, amounts with
time-lapse data.

2 Methodology

2.1 Sleipner Project and time-lapse seismic
data

The Sleipner Project is a demonstration of successful CCS for
aquifer formation since the first CO, injection was implemented
in October 1996. Located in the North Sea, the Sleipner field is
associated with the Miocene-Pliocene Utsira Formation, with an
estimated 51.6 billion cubic meters of gas reserves in the adjacent
area (Figure 1). The Utsira Formation is a sand unit overlain by
Pliocene shale. Internally, Utsira contains interlayered shale units
(~1 m thick) that show low permeability, which inhibits CO, flow,
in contrast with a thick upper shale layer that may assist flow
(Zweigel et al., 2004). The Sleipner reservoir is an open system
with relatively well-known flow paths and active pressure dissipation
mechanisms (e.g., lateral brine migration). In contrast, natural CO,
and He accumulations form over millions of years in closed or semi-
closed systems, where fluid movement is far more constrained. These
systems are heavily influenced by caprock integrity, fault sealing,
burial history, and diagenetic processes, all of which can profoundly
affect gas migration and trapping. Various studies show that
natural analogs exhibit behavior shaped by long-term lithological
evolution and tectonic regimes, which means gases can accumulate
as a function of temperature-dependent diffusion and trapping
efficiency (Buttitta et al., 2020; Buttitta et al.,, 2023; Gori et al.,
2023). Monitoring techniques, therefore, compensated for site-
specific thermal, lithological, and structural conditions, and the
Sleipner Project also conducted such studies (Karstens et al., 2017;
Massarweh and Abushaikah, 2024).

The Sleipner Project injected supercritical CO, at a depth of
1,012 m into the saline aquifer of the Utsira Formation Sandstone
(Arts et al., 2008), which has a favorable porosity of 35%-40%
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FIGURE 1
Location map of Sleipner Project showing the Utsira formation
extent (after Arts et al., 2008).

to store CO,, adequate for applying seismic monitoring techniques
(Eiken etal., 2011). Under favorable conditions, CO, monitoring has
been successful in the Sleipner Project (Arts et al., 2003; Arts et al.,
2008; Chadwick et al., 2010). Additional quantitative analyses of
time-lapse seismic data are ongoing using a wide-scope approach.
Time-lapse seismic data, also known as 4D seismic imaging,
represents a sophisticated geophysical monitoring technique
that captures sequential seismic surveys of the same geological
formation over multiple time intervals. This method enables
the detection and quantification of subtle changes in subsurface
characteristics, particularly crucial in CCS and hydrocarbon
reservoir monitoring. The depth interval of CCS storage on time-
lapse seismic data that includes some heterogeneities with thin
layers is of particular interest for developing research that would
be valuable to the post-injection stages (White et al., 2018a;
Izadian, 2024).

Seven vintage seismic surveys were conducted, starting with a
baseline survey in 1994 and continuing in 1999, 2001, 2004, 2006,
2008, and 2010 (Furre et al., 2017). Time-lapse data were released
in January 2020 (Sleipner 4D Seismic Database, 2020), consisting
of migrated volumes and velocity maps that can be converted into
depth-domain data. The seismic volume and acquisition parameters
used here are listed in Table 1, which shows consistency with the
vintage surveys.

All time-lapse seismic datasets show sufficient resolution to
enable imaging of the amplitude difference from 4D processing
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(Williams and Chadwick, 2012). The bin size along the survey
was 6.25 m and less than 25 m across, which enabled 4D seismic
monitoring with a good resolution. The frequency range of seismic
data is between 15 Hz and 55 Hz, centered at 35 Hz, with a tuning
thickness of 14 ms in two-way travel time. This resolution enhances
layer heterogeneity decomposition and derives confident velocity
information (Chadwick et al., 2019). To further validate the seismic
data, additional information contained in the seismic attributes was
utilized to obtain more amplitude-varying features.

2.2 Attribute analysis and volume
calculation

There are various seismic attributes in the Sleipner dataset.
To analyze these, the THS Kingdom™ Suite software was used,
which provides intrinsic attributes in four categories: wavelet,
instantaneous, geometric, and stratigraphic. Among the available
attributes, the trace envelope (TE) is preferred for identifying
CO, plumes. TE, also known as instantaneous amplitude, can
be calculated using the absolute value of the function amplitude.
It involves all positive values that may represent the individual
interface contrast so that it can highlight anomalous regions.

When the original seismic trace f(z) is obtained, TE (Equation
1) can be written as

TE(z) = \ [Re(f ()] + [Im(f (2))]? )

where Re(f(z)) and Im(f(z)) are the real and imaginary parts of
the Hilbert transform of the seismic trace, respectively (Taner et al.,
1979). Because TE has only a positive magnitude, a subtle polarity
change in the spatial domain would be blurred or neglected. Instead,
the amplitude differences near the CO, plume injection region were
highlighted. We intend to design additional new attributes that
should minimize amplitude changes in the background region and
further maximize the effect of discriminating amplitude anomalies.

The similarity variance (SV) value is an additional attribute
consistent with a similar lithology. If the interval is saturated with
CO,, a similar interval is expected. Therefore, similarity (Equation
2) was used as a secondary attribute, expressed as shown below:

S(z) = PR Il
zz:ﬂlz/zzxqf 3,,(Z +7T)

where f, (z) is the mth trace of the gather, N is the length of
the computational window in both time and depth domains, and

2

z represents either time or depth. This is also the calculation of
semblance property, which represents a measure of the coherent
power existing between several traces versus the total power of all
traces. Next, the variance of similarity (Equation 3) was calculated:

SV =E[(S- Syean)’] 3)

where S is the similarity, S .,, is the mean value of S, and
E is the expectation of S. Therefore, the SV calculated by the
expected value of the squared deviation from the mean of similarity
represents local anomalies with respect to the smoothed averaged
background. By including the similarity variance in the exponential
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TABLE 1 Survey data list and acquisition parameters.

10.3389/feart.2025.1487480

Data name Baseline
Acquisition year 1994 1998 2001 2004 2006 2008 2010
Shooting direction (degree) 0.853 0.853 0.850 90.00 0.850 0.850 0.850
Shot point interval (m) 18.75 125 125 18.75 18.75 18.75 125
Group interval (m) 12.5 12.5 12.5 12.5 12.5 12.5 12.5
Bin size acq. (m) 6.25 x 25 6.25 x 25 6.25 x 25 6.25 x 18.75 6.25 x 25 6.25 x 25 6.25 x 18.75
Sample interval (ms) 2 2 2 2 2 2 2
Recording length (ms) 5,500 4,500 4,500 6,000 6,000 6,000 4,608

function so that a smaller SV represents a higher anomaly following

high coherency events, the CO, plume region was easier to

distinguish. Seismic Amplitude

To merge the relative attributes into a new one, the data
trend was inspected. The new attribute CO2IDC—an indicator of @
carbon dioxide—Equation 4 was calculated as shown below: Time-lapse Time-lapse

SV \2
C02IDC = TE(z) - ¢ (%) )

Here, CO2IDC is a property of the corrected TE obtained
by adding the damping effect of the SV weighting to minimize
the local variance from the plume area. We expect that CO2IDC
can distinguish the CO, plume region from the TE. Using these
attributes, we commenced matching by displaying the relevant
vertical and horizontal sections with the vintage surveys. The plume
area was then captured using a polygon boundary. The time-lapse
plume area correlated with the amount of CO, injected into the
Sleipner field. This is the first correlation of quantitative matching
that uses two-dimensional interpretation results in the workflow
(Figure 2). The subsequent correlations are the matching amount of
injected CO, with the three-dimensional plume volume interpreted
by the attributes of TE and CO2IDC. The most important factor
in determining these attributes is the area of the plume region
interpreted on the seismic time-slice map. We calculated the area
of the plume region by changing the moving width size in TE
and SV computations, and the Sleipner data had a sensitivity
of about 3% (Table 2). This value means that consistent plume area
calculations are possible, and therefore, the method using CO2IDC
would have robustness.

The spatial volume of the CO, plume was calculated from
the two-dimensional interpretation results to input the quantitative
matching. Previous studies using the Sleipner dataset have reported
that the plume extends over nine layers (Boait et al., 2012; Chadwick
and Noy, 2015). For volume calculation, the average value was
used after calculating the volume of the area occupied by the
polygons of the grid top and bottom layers, without separately
calculating all layers for efficiency (Figure 3). This method would
be effective in excluding the influence of the thin-bed tuning
effect that researchers are concerned about (Izadian, 2024). The
plume area of top and bottom was computed by summation of
polygons that can be assigned inner boundaries from plume top
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FIGURE 2
Flow chart on quantitative matching of CO, amount via seismic
attributes.

and bottom interpretation. To convert the time-domain seismic
data into a spatial grid, the velocity map for each layer provided
by the Sleipner Project was input (Sleipner 4D Seismic Dataset,
2020). A volume calculator in Kingdom™ was used to determine
the volume of the polygon area occupied vertically by the top
and bottom layers. In summary, the volume calculation method
consists of calculating the area (top and bottom) boundary with
a polygon, converting the time-domain seismic data into a space
grid using a velocity map, and deriving the total plume’s volume
value. These operations were applied to polygons using TE and
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TABLE 2 Sensitivity analysis between the polygon selection and the moving window width.

Width of moving window on TE (ms) 14 28 56 112
Calculated area of the CO, plume (km?) 2.26 2.28 222 2.14
Difference between area average and calculated value (%) 1.57 2.47 0.22 3.82

Selected result on the TE map

Width of moving window on SV (ms)

Calculated area of CO, plume (km?)

Difference between area average and calculated value (%)

Selected result on the SV map

CO2IDC, and plume volumes were calculated for all seismic datasets
for each acquisition period (Baseline, M99, M01, M04, MO06,
MO8, and M10).

3 Results and discussion

3.1 Matching CO, amount with primary
seismic amplitude

The amount of injected CO, was matched against the plume area
inferred from seismic data to validate the usage of primary seismic
amplitude data. A seismic section is depicted at the inline, crossline
vertical section, and time-slice on the horizontal map to compare
the matching results. The area of CO, was determined via a manual
selection of the plume boundary on the time-slice map. Then, a
crossplot between the area and injected CO, volume was used to
obtain a regression degree of fitting.

After loading seismic data, four horizons were interpreted: mean
sea level, top sand wedge, and top and bottom Utsira Formation. The
CO, plume lies between orange and green, as indicated in Figure 4,
where the interval between the top and bottom Utsira Formation
is located. All seven vertical sections are depicted at inline 1830,
close to the center of the survey area adjacent to the location of
the injection point. In the baseline data, there was no anomaly
between the orange and green horizons (Figure 4a). As the amount
of injected CO, increased, the anomalous event exhibited a CO,
plume growth (Figures 4b-g). Figure 4h shows the corresponding
position in the map view.
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The growth of the CO, plume can be clearly seen when
displayed on a time-slice map. Depicted maps at 0.95ms
two-way travel time (TWTT)—representing the depth of the
top Utsira Formation—were displayed and used to select the
plume region (Figure5). The increase in the plume area with
time-lapse on the map represents almost 1 million tons of
CO, injected annually. The anomaly aspect is displayed in red
and black, indicating negative and positive amplitude changes,
respectively. The boundary of the anomalous area was selected
on the time-slice map, and the area of the CO, plume was
estimated.

According to the Sleipner 4D Seismic Database (2020), the
amount of injected CO, is approximately one million tons per year.
The cumulative amount of CO, is listed in Table 3. The area of the
CO, plume boundary was calculated using the polygon tool in the
time-slice map at 0.950 ms travel time depths and compared with the
injected CO, amount. As indicated in Figure 6, the crossplot shows
a good correlation between CO, amount and the calculated area of
the plume determined at the time-slice, proving that the Sleipner
time-lapse dataset records the CO, plume growth quantitatively.
As observed with seismic amplitude only, the CO, plume growth
correlates with a CO, injection increase. The correlation is high
(0.9895), as the amount of CO, is quite large, and the area expands
over a large range.

An injection volume proportional to the CO, plume area can
be justified if the thickness is constant and there is no change in the
upper and lower areas. In actual field conditions, the area where CO,
spreads is different for each layer; therefore, more accurate matching
is possible if this is considered. Because it is obvious that the volume
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FIGURE 3

Volume calculation for the CO, plume region between the top and bottom layers.
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FIGURE 4
Representative vertical sections in shooting directions with time-lapse seismic volumes: (a) baseline; (b) M99; (c) M01; (d) M04; (e) MO6; (f) MO8; (g)
M10; (h) map view of the seismic line.
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Representative time-slice map at 0.950 ms travel time depth of time-lapse seismic volumes: (a) baseline; (b) M99; (c) M01; (d) M04; (e) MO6; (f) MO8;
(g) M10; (h) seismic line of the baseline survey (left, Figure 4a) and the M10 survey (right, Figure 4g) in section view with arrows indicating the depth of
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TABLE 3 Matching amount of CO, with plume area from the time-slice
map at a depth of TWTT 0.95 ms.

Survey | CO, amount (kt) | Area of CO, plume (m?)

Baseline 0 0

M99 2,303 502,848
Mo1 4,210 846,232
Mo04 6,909 1,319,700
Mo6 8,414 1,558,700
Mo8 10,383 2,227,300
M10 12,080 2,560,400

of stored CO, increases as the injection amount increases, the
assessment of the correlation must be precisely quantified with the
upper and lower plume boundaries to perform accurate monitoring.
Therefore, the correlation between secondary seismic attributes and
the amount of CO, was quantified, particularly focusing on the
discrimination of the lower CO, boundary, which is not clearly
revealed on seismic amplitude.

Frontiers in Earth Science

3.2 Quantification of CO, by secondary
seismic attributes

Although the primary seismic amplitude shows a clear image of
the CO, plume in the Utsira Formation, the lower part of the plume
has a smaller area, making recognition harder than the upper part
of the plume boundary. To determine the volume of the CO, plume
region, additional seismic attributes can help distinguish between
anomalous regions with background storage formation.

The TE of the Sleipner seismic data represents all positive
values at every time sample, especially the anomaly in yellow in
Figure 7, which shows an anomalous stored CO, region in the Utsira
Formation. This facilitated the identification of the CO, plume in
the vertical dimension. The visually observed CO, plume region
was similar in the primary amplitude of the seismic data and in
the secondary TE attribute data. To determine the plume volume
in three dimensions, it was established that TE is advantageous for
selecting the amplitude boundary on a time-slice map. To calculate
the CO, plume volume, the average of two cylinders from the top
and bottom selected layer boundaries was used (Figure 8). The top of
the Utsira Formation was selected at 0.950 ms TWTT on the TE map
(Figures 8a-e), showing a similar boundary with seismic amplitude
(Figures 5b-f). Interpretation of the bottom Utsira Formation shows
less area as seen on amplitude selections from the CO, saturation
region on the TE time-slice (Figures 8f-j).
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Matching amount of CO, with CO, plume area calculated by the seismic reflection amplitude.
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Representative vertical sections of TE attributes in shooting directions with time-lapse seismic volumes: (a) baseline; (b) M99; (c) MO1; (d) M04; (e)
MO6; (f) M08; (g) M10.

The result of the matching between the plume volume calculated ~ anaccurate selection method is dependent on the seismic resolution.
by TE and the injected amount of CO, is shown in Table 4. The =~ With the Sleipner data, the resolution of the seismic volume is fairly
regression value decreased from 0.9895 to 0.9690 as it was affected good; thus, it is easy to select an anomalous event. However, in
by the inaccurate selection of the bottom area (Figure9). This  the case of a degraded time-lapse seismic dataset, it is difficult to
regression value is not unique because it is determined by amanually ~ select a CO, plume boundary that worsens the matching quality
selected result for the upper and lower area boundaries. Obtaining ~ for monitoring CO,. The difficulties in determining the bottom
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FIGURE 8

Representative time-slice map of TE at 0.950 ms TWTT at the depth of the upper plume boundaries for (a) M99; (b) M01; (c) M04; (d) MO6; (e) M08

data, and at 1.050 ms TWTT of the lower plume boundaries for (f) M99; (g) M01; (h) M04; (i) MO6; (j) M08.

TABLE 4 Matching CO, amount with volume calculated by TE attributes at a depth between time-slice maps at 0.95 ms and 1.05 ms.

Survey | CO, amount (kt) | Volume by upper area of Volume by lower area of Volume average (U + L)/2
CO, plume (m3) CO, plume (md)

Baseline 0 0 0 0

M99 2,303 496.87 35330 425.09

Mol 4,210 838.19 76.70 457.44

Mo4 6,909 1,310.30 127.78 719.04

Mo6 8,414 1,526.90 50.00 788.45

Mo8 10,383 2,193.90 34.89 1,114.39

M10 12,080 2,524.60 26.24 1,275.42

Utsira Formation are consistent when the selection is made on the
primary seismic amplitude. Thus, it is a major trigger for introducing
additional attributes that represent the CO, plume region.

Asintroduced previously, CO2IDC was calculated and displayed
using the Sleipner dataset (Figure 10). Because CO2IDC is
calculated from the TE and weighted by the exponential value of
SV, it is similar to the TE section. In the vertical section, CO2IDC
can more easily differentiate the CO, plume anomaly from the
background area because the signal amplitude is manipulated by TE
and SV to maximize coherence.
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The CO2IDC on the time-slice map shows the difference in
the CO, plume region more clearly, making it easier to select
the boundary. In particular, the lower boundary of the CO,
plume was recognized with the background Utsira Formation
(Figure 11). This is an advantage of using the additional attribute
of CO2IDC, which was specifically designed for the Sleipner
dataset. The matching values between the injected CO, and the
plume volume calculated by CO2IDC are listed in Table 5. The
values of the CO, volumes, calculated by the lower layer cylinder,
tend to be consistent, implying that the selection results of the
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boundary are robust along the time-lapse data. Figure 12 shows

3.3 Discussion

the crossplot of the matching result between the amount of CO,
and plume volume as calculated by the CO2IDC. The regression
value increased to 0.9906, indicating the validity of the attribute
manipulation.
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We selected a high-resolution seismic dataset released by the

Sleipner Project that provides the best quality time-lapse seismic
data. The data show an anomaly that is sufficiently large to detect
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TABLE 5 Matching CO, amount with volume calculated by CO2IDC.

Baseline 0 0

M99 2,303 451.53
MoO1 4,210 891.37
Mo4 6,909 1,401.17
Mo6 8,414 1701.36
MO8 10,383 1981.02
M10 12,080 2,285.54

CO, qualitatively and has been proven by previous researchers (e.g.,
Arts et al., 2008; Furre et al., 2017). Previous work has confirmed
the feasibility of quantifying injected CO, with respect to seismic
data, showing that anomalous amplitude is related to the amount of
CO,, especially via layers on seismic images (Chadwick et al., 2009;
Chadwick et al., 2010). CO, saturation is evaluated on a subsequent
study utilizing seismic and rock physics inversion (Dupuy et al.,
2017b). This quantification through inversion determined the CO,
saturation with high accuracy, and such efforts will be repeated
using time-lapse data. The pre-stack inverted impedance also
showed highly reliable results for CO, saturation (Rasolofosaon and
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1

0 0
314.00 382.76
276.67 584.02
324.08 862.63
493.54 1,097.45
437.43 1,209.22
625.94 1,455.75

Dubos-Sallee, 2010). The method used here is merit worthy as it is
less time-consuming than other methods, such as seismic inversion.
More possibilities remain to be quantified, including monitoring
issues dealing with history matching with CO, amounts (Williams
and Chadwick, 2017; White et al., 2018b). Conventional studies of
history matching focus on well log data that are direct and accurate
but make limited use of seismic data (Yin et al., 2019; Ahmadinia
and Slmriatipour, 2020).

From another viewpoint, we accept seismic attributes to
determine the feasibility of historical matching with seismic data in
the case of a limited availability of well logs. A seismic attribute is a
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standalone piece of information that can provide physical properties
with high confidence and degree of freedom. However, the selection
of an attribute is based on a data evaluation. In this case, the
amount of CO, is large; thus, the correlation of matching should
be measured accurately. Building a new attribute is necessary to
enhance time-lapse seismic data utilization, for example, to address
pressure changes or to monitor porosity. Because the growth of the
plume is not always consistent with the seismic interpretation, the
detailed relationship between seismic signals and fluid substitution
should be investigated.

In particular, stored CO, is a fluid, so it can migrate over time,
and especially in the case of faults, it must be monitored with fluid
migration mechanisms. The flow of CO, along complex strata and
fracture zones is partially tracked in time-lapse seismic studies, and
the CO2IDC presented in this study was introduced to confirm this
more easily. However, it is desirable to utilize geochemical tracer
studies as a method to directly and reliably track the flow of fluid
(Buttitta et al., 2020; Caracausi et al., 2022). These methods have
the advantage of being able to identify detailed fluid flow when
included in the design process of a CCS project. It is also a method
that can be applied cost-effectively compared to repeated seismic
surveys. In case of geophysical data only, our method verifies CO,
accommodation with attributes that were already confirmed with a
slowly migrating plume without large-scale faults on the Sleipner
data that were already published.

In time-slices corresponding to 1.05 ms of CO2IDC in the M04,
MO06, and M08 data, we identified a separated plume area boundary
corresponding to a reported chimney event (Karstens et al., 2017;
Williams and Chadwick, 2017). With only the seismic amplitude, the
CO, charged region was ambiguous because of positive and negative
wiggling. This study proves that the specific interest in stored
CO, plumes can be investigated more easily by designing seismic
attributes. However, there remains a validation limitation when
challenging data are available. Because the present CO2IDC was
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designed by empirical determination, engaging other datasets would
require a different damping value. In particular, when monitoring
using seismic attributes is applied to heterogeneous, faulted, or
fluid-rich geological domains, additional background information
such as geochemical or geological interpretation should be utilized
(Buttitta et al., 2023; Zummo et al., 2024). If experiences and case
studies on various datasets accumulate, it will be possible to convert
and standardize such information into quantifiable attributes. If
active technologies such as machine learning, which have been in
the spotlight recently, are utilized, the feasibility of the application
will be secured more easily. Future studies may focus on the robust
selection of attributes, regardless of data characteristics. If we achieve
non-biased data analysis, the result of manipulating attributes for
quantifying subsurfaces can be used across other disciplines, such as
in monitoring aquifer pressure change, in addition to the CCS field.

4 Conclusion

Here, we analyzed a seismic attribute that can monitor CO,
amounts more effectively than the seismic amplitude itself. The trace
envelope (TE) showed the CO, plume region clearly with respect to
time. The advantage of using a TE is that it has all positive values;
therefore, it instinctively describes the plume boundary. The plume
volume was estimated from the TE and was positively correlated
with the amount of CO, injected into the Utsira Formation. To
improve the correlation between the injected CO, amount and
volume by seismic aspect, we designed a new CO, indicator attribute
based on the TE and similarity variance. The attribute of the CO,
indicator discriminated the CO, saturated region qualitatively. The
regression value increase in the correlation between the CO, amount
and volume calculated by CO2IDC proves that seismic attributes can
be used to monitor CO, for efficient CCS. Attributes analysis with a
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time-lapse scale can enhance the usage of Sleipner data and promote
more intense research for CCS in general.
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