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Abstract. Reflection seismic data were acquired in the Su-
dret area of Gotland between 6 and 13 November 2023. Ob-
jectives of the survey were to obtain images of the subsur-
face down to the Precambrian basement in the vicinity of two
cored boreholes that had been drilled earlier down to about
800 m. The seismic profiles were positioned to provide a bet-
ter understanding of the sedimentary strata and local struc-
ture near the two boreholes. It was also hoped that they could
be used to correlate the properties of the geological forma-
tions offshore for studying the potential of future geological
storage of CO, within Swedish waters. For these purposes
a sparse 3D survey was acquired that covered a ca. 300 m
by 700 m rectangular area with high fold, including the loca-
tions where the boreholes were drilled. A longer ca. 2.8 km
2D profile was also acquired adjacent to the 3D survey that
ran roughly in a N-S direction. In addition, distributed acous-
tic sensing (DAS) measurements were performed in the two
cored boreholes. We report here on some results from the
2D and 3D surveys and from the DAS measurements, incor-
porating information from the core and sonic logs. Numer-
ous semi-continuous reflection horizons are observed in the
ca. upper 500 ms after stacking. A particularly strong reflec-
tion at about 330 ms likely originates from the top of Or-
dovician limestones. Generation of synthetic seismograms
based on the acquired sonic logs in the two boreholes con-
firms this interpretation. Cambrian sandstones are also reflec-
tive, as well as shallow sandstone layers in the upper 150 ms.
Normal moveout (NMO) velocities are relatively constant at
about 3500 ms~!. However, depth conversion using this ve-
locity places the reflectivity deeper than is expected from the

well data. In comparison, using the DAS data, the vertically
propagating P-wave velocity can be measured at an average
3100ms~! from the surface to 580 m depth. Using this ve-
locity for depth conversion provides more reasonable depths
to the main horizons. Since the NMO velocities are largely
controlled by the horizontal velocity of the rock the differ-
ence between these and the DAS velocity can be explained
by the rocks in the area having significant anisotropy. Seis-
mic modeling indicates that a horizontal velocity of about
3500 ms~! is necessary to explain the difference between the
NMO velocity and the vertical velocity. This corresponds to
an anisotropy of about 13 %. This may be important to take
into account when acquiring and processing future, or legacy,
offshore seismic data for the purpose of mapping potential
structures or formations for CO» storage.

1 Introduction

Geological storage of CO; has for several decades now been
considered an option for reducing greenhouse gas emissions.
In particular, the capture and storage of CO, from large point
sources, such as coal fired plants and cement production fa-
cilities, has the potential to significantly reduce emissions.
However, there are few active projects worldwide where this
is taking place. As of 2023 only about 40 Mt of the ca. 36 Gt
of CO» that is emitted annually was captured (Dziejarski et
al., 2023). Although the amount actually captured at present
is small, there is an increasing interest in applying the tech-
nology with a significant number of projects in the planning
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stage (Martin-Roberts et al., 2021). Therefore, several Euro-
pean countries are re-evaluating their storage potential, in-
cluding Sweden. Considering the aforesaid points, in 2023
the Swedish government gave the Geological Survey of Swe-
den (SGU) the task to study the potential for CO, storage
within Swedish territory.

During initial studies on potential storage areas in Sweden
two areas were identified as most prospective, the southern
Baltic Sea and southwestern Sweden (Erlstrom et al., 2011).
Currently, Swedish legislation only allows smaller amounts
of CO, (< 100kt) to be stored geologically onshore; there-
fore any large scale storage would have to be offshore. How-
ever, drilling onshore is significantly cheaper than drilling
offshore; hence if suitable onshore sites can be identified as
analogs to the offshore sites, then these sites can provide
valuable information about the properties of the reservoir and
cap rocks. As part of the SGU program it was decided to first
core-drill at one site on the southern part of Gotland island in
the Swedish part of the Baltic sea and then the following year
at another site onshore in southwestern Sweden. For both
sites it was considered important to acquire reflection seis-
mic data to be able to extrapolate drilling results away from
the boreholes and investigate if nearby faults are present.

In southernmost Gotland (Fig. 1), in particular the Su-
dret area, the target reservoir contains the Middle Cambrian
Faludden and Lower Cambrian Nér and Viklau sandstone
units (Fig. 2). These occur at depths of between ca. 580 and
800 m on Gotland, depths which are typically considered to
be too shallow for injected CO; to remain in the supercriti-
cal state (temperatures above ca. 31 °C and pressures above
ca. 7.4 MPa). No injection is currently planned at Sudret, but
successful shallow CO; injection test sites exist, for exam-
ple Ketzin, Germany (Forster et al., 2006). Hence, the Su-
dret area could be suitable for a small-scale test site in the
future, as at Ketzin. Probably the greatest benefit and geo-
scientific contribution of the Sudret site is the possibility to
improve the assessment and understanding of the reservoir
and its suitability as a potential CO, storage alternative in
the offshore areas southeast of Gotland. As the Cambrian
sandstone is considered the main candidate for storage in the
Baltic region, there is a great need for cost-effective feasi-
bility studies, such as land-based investigations before going
offshore. Aside from CO; storage, the reservoirs below Got-
land are also of interest from the standpoint of geological
energy storage and geothermal energy (Sopher et al., 2019)
where the results from this study can also contribute.

In this paper we present some of the reflection seismic data
acquired at Sudret along with results from geophysical log-
ging and distributed acoustic sensing (DAS) from the two
cored boreholes drilled within the survey area (Nore-1 and
Nore-2). During the processing it was observed that depth
conversion using the normal moveout (NMO) velocities re-
sulted in a poor match with the known lithology and geo-
physical logs from the cored boreholes. Analysis of the DAS
and acoustic logging data shows that the NMO velocities are
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significantly higher than the DAS and logging velocities. We
demonstrate with seismic modeling tests that this discrep-
ancy can be explained by the upper ca. 500 m of the bedrock
sequence being anisotropic. Finally, we discuss the relevance
of these studies for offshore CO; storage in the Baltic Sea
area.

2 Geological setting and results from drill core

The Cambro-Silurian succession on south Gotland com-
prises ca. 225 m of Cambrian siliciclastics, ca. 85 m of Or-
dovician carbonates and ca. 470 m of Silurian-marlstone-
dominated strata (Fig. 2). Prior to the core drilling of Nore-
1 and Nore-2 there was primarily only geological informa-
tion from rotary drillings containing scattered cored inter-
vals. The coring from ca. 170 m depth down to the basement
at ca. 790 m gave, for the first time, a continuous record of
the Cambro—Silurian succession on south Gotland, including
both potential storage aquifers and caprock intervals. The up-
per 177 m of bedrock was not cored since this section was
drilled with a percussion technique and cased off for pro-
tection of the shallow groundwater resources. The wells are
located only 250 m apart, and there are only a few meters’
difference in depth for each of the different stratigraphical
levels. Hence, only Nore-1 is illustrated as it is representa-
tive of both wells in Fig. 2.

During most of the Cambrian and Ordovician, relatively
calm passive margin settings existed in the Gotland area.
However, in the Silurian preceding the Caledonian collision
between Avalonia and Baltica, a significant phase of foreland
subsidence occurred, which generated a substantial increase
in the thickness of the Silurian.

The Cambrian siliciclastic sequence illustrates the pro-
gressive deposition linked to the overall transgressive na-
ture of the Cambrian Sea. Stacked fining-upwards sequences
grading from sand to clay are frequent in the sequence and
interpreted to be formed in a shore-face- and inner-shelf-
dominated setting. Three sandstone-dominated intervals in
the File Haidar and Borgholm formations, i.e., the Viklau,
Nir and Faludden sandstones, are the main targets for the
performed investigations regarding their CO, storage poten-
tial. The ca. 50m thick Viklau sandstone interval consists
largely of well-cemented quartz arenites with low porosity
and permeability. Similarly, the ca. 20 m thick Nér sandstone
is predominantly well cemented, with intervals only a few
meters thick with higher porosity and permeability. Interme-
diate beds are composed of dense silty mudstone.

The overlying Borgholm Formation (about 120 m thick)
includes the Grotlingbo, Mossberga and Faludden mem-
bers and is dominated by variably silty mudstone. However,
within this formation, the ca. 20 m thick medium-grained,
porous and permeable Faludden sandstone is present (Fig. 2).
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Figure 1. Location map displaying national borders within Northern Europe, with the inset figure showing the survey area located on the

southern part of the Swedish island of Gotland.

This sandstone is also considered the main potential storage
reservoir for CO; in the south Baltic Sea.

It is notable that strata representing the Furongian (up-
per Cambrian) are almost completely absent on Gotland. Lo-
cally, as in the Nore wells, there is a conglomerate with alum
shale fragments and glauconitic sandstone, which is a few
decimeters thick. A more detailed stratigraphic description of
the Cambrian is given in Nielsen and Schovsbo (2007, 2015).

The Ordovician sedimentation on Baltica took place in a
shallow epeiric sea surrounded by low relief and tectonically
stable land masses supplying limited amounts of terrigenous
sediments into the depositional areas. The resulting rocks are
dominated by argillaceous limestone and calcareous mud-
stone with varying amounts of skeletal carbonate fragments
and grains. The Ordovician sequence is commonly about
80 m thick in wells on south Gotland. Locally, the thickness
reaches 100—125 m due to the occurrence of carbonate mud
mounds. The Ordovician is roughly divided into three parts,
a lower 3040 m thick limestone-dominated unit followed
by an up to 20 m thick mudstone- and claystone-dominated
unit with thick bentonite layers. This unit can, under favor-
able conditions, generate a clear reflection on seismic pro-
files on Gotland. The upper part of the Ordovician consists
of dense red, brown and argillaceous limestone with thin ir-
regular layers of mudstone. This unit also contains carbonate
mud mounds that can reach several tens of meters in height;
hence, the unit can locally be as thick as 70 m (Sivhed et al.,
2004; Erlstrom and Sopher, 2019; Levendal et al., 2019).

The Silurian succession has a total thickness of just un-
der 500 m on south Gotland and covers about 10 Myr (428-
418 Ma), corresponding to the Wenlock and Ludlow epochs.
The original sediments were deposited on a shallow shelf
that covered large parts of the central Baltic Sea basin dur-
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ing Silurian time. A 55m thick dark grey and shaly mud-
stone constitutes the basal most part of the Silurian on south
Gotland. This is followed by a ca. 300 m thick relatively ho-
mogeneous marlstone-dominated sequence with only a few
thin intervals with greater amounts of limestone. The upper
ca. 120m of the Silurian is more varied and composed of
a mixed limestone-mudstone—sandstone sequence belonging
to the Eke, Burgsvik, Sundre and Hamra formations. The
composition and the stratigraphy of the uppermost part of
the Silurian down to ca. 170 m, including the Eke, Burgsvik,
Hamra and Sundre formations, are well known from shallow
core drillings and studies by Calner and Eriksson (2006) and
Erlstrom et al. (2022). In combination, the Ordovician and
the lowermost parts of the Silurian constitute the main seal-
ing interval for potential CO; storage in the Faludden sand-
stone reservoir.

Note that the Ireviken (ca. 400 m depth), Mulde (ca.
310m) and Lau (ca. 110m) events are coupled to global
oceanic changes (e.g., Calner et al., 2004) and that the geo-
physical log responses (Fig. 2) suggest that they may be re-
flective. Specifically, in connection to these 10-40m thick
events, higher sonic wave velocities and lower gamma-ray
(GR) readings are often observed, reflecting a change in the
depositional setting.

3 Seismic data
3.1 Acquisition
Both 3D and 2D data were acquired over a 4 d period in mid-

November 2023. A skid-steer-loader-mounted weight drop
hammer (500 kg falling mass) with a base plate was used as
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Figure 2. Stratigraphy of the Nore-1 borehole. Note the limestone in the upper 60 m and the shaley sections down to about 500 m.

a source, and 410 nodal units were available for recording. In
total, 704 receiver locations were occupied for the 3D, with
acquisition along 19 source lines (Fig. 3a). The 3D spread
involved nominal inline and crossline receiver spacing of 10
and 30 m, respectively. The survey was done in two patches
by first deploying the 410 units on the northernmost receiver
lines (deployment #1 in Fig. 3b) and then moving 294 of
these units to the remaining receiver lines and placing the
other 116 units along the central parts of the 2D profile (de-
ployment #2 in Fig. 3b). This required reshooting the same
source lines (yellow circles in Fig. 3) to get complete cover-
age. Nearly all planned source locations were accessible with
a total of 612 source points being accessed. Once the 3D sur-
vey was completed, 164 nodal units were moved and placed
along the remaining parts of the 2.8 km long 2D profile (N—
S blue line in Fig. 3a with the central part coincident with a
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3D source line). To further increase the coverage of the 3D
area, another 49 units were placed along one of the source
lines leading to the Nore-2 borehole. Once the 3D acquisition
was completed, the 2D profile was acquired, with 278 source
points being shot. Vertical stacking of five repeated impacts
at each source point for both the 2D and 3D surveys was
used. Timing for the impacts was recorded on a microsecond
accuracy GPS time event recorder.

3.2 Processing

Given the inline receiver spacing of 10m and the crossline
spacing of 30 m, it was decided to use 5 m by 15 m CDP bins
for the processing. This led to inlines ranging from 1000 to
1068 and crosslines ranging from 1000 to 1204 (Fig. 3b),
resulting in generally high fold within the receiver line lo-
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Figure 3. (a) Source and receiver locations for the 3D acquisition, annotated with yellow and white circles, respectively. Source and receiver
locations for the 2D acquisition are annotated with blue circles. For the 3D, source and receiver spacing was 10 m with a receiver line spacing
of 30 m. The red rectangle outlines the 3D area. Red stars mark the Nore-1 and Nore-2 boreholes. (b) Detail of the 3D area with inlines
and crosslines marked along with the fold for common depth point (CDP) bin sizes of 5 m in the inline direction and 15 m in the crossline
direction. White circles mark receiver deployment #1, and white circles with crosses mark receiver deployment #2. Yellow dots mark the
source locations. Aerial photo in (a) is from the Swedish Land Survey (https://lantmateriet.se, last access: 30 March 2025). Coordinates are

in the SWEREF99 TM system.

Table 1. Processing steps applied to the 3D data.

Step  Process

1 Download nodal data and extract SEGD data given impact times

2 Read SEGD data and stack hammer hits

3 Add geometry

4 Spherical divergence correction, Tpower = 1.0, max time = 500 ms
5 Deconvolution, 5 ms gap, 150 ms filter length

6 High-pass filter, 40-70 Hz

7 Brute stack

8 Residual statics

9 Median filtering

10 Bandpass filter, 30-50-150-250 Hz
11 Apply statics to fixed datum, 20 m at 3500 ms !

12 Mute air blast and data below

13 AGC, 200 ms
14 Velocity analysis

15 Residual statics
16 NMO

17 Stack

18 Trace balance

19 FXY deconvolution

cations but low fold outside this area. Therefore, the images
presented in this paper are most reliable within the 300 m
by 700 m area covered by the receiver lines, specifically be-
tween inline 1018 to 1038 and Crossline 1030 to 1170.
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Once the geometry was defined, the seismic processing
followed a fairly standard sequence, including noise sup-
pression, filtering and velocity analysis. Source-generated
noise consists of coherent arrivals of direct or diving P and S
waves, the air blast, and surface waves (Fig. 4a). In addition,

Solid Earth, 16, 865-876, 2025
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50 Hz noise is present at some receiver locations. A high-pass
40-70 Hz filter removes much of the surface wave noise and
attenuates the 50 Hz signals, leaving mainly linear coherent
noise interfering with the reflections (Fig. 4b). At near offsets
there is a rather weak first arrival with an apparent velocity of
about 4500 m s~!. This arrival is observed at somewhat vary-
ing velocity throughout the survey area and is interpreted as
a wave propagating through a thin near-surface high-velocity
layer. A later strong arrival at an apparent velocity of about
3500ms~! is clear (DW in Fig. 4a), as well as another one
at about 1800ms~! (S in Fig. 4a). These two arrivals mask
much of the reflected energy in the upper 500 ms. The faster
one can possibly be explained as a diving wave propagating
through the lower-velocity rock below the 4500 ms~! near-
surface layer. The 1800 m s ! one may be a direct shear wave
or represent a wave propagating through the water saturated
uppermost loose sediments. In order to reduce the influence
of these linear noise trains, median filtering was applied to
the source gathers. Prior to the filtering, an initial estimate
of the residual statics was made and applied to increase co-
herency using the reflection window 300-500 ms. After me-
dian filtering, a strong reflection package with a zero-offset
travel time of about 340 ms is clearly visible (Fig. 4c).

Additional processing consisted of a tail mute following
the air blast arrival, as well as AGC scaling prior to NMO
and stacking. Iterative velocity analysis and residual statics
were also performed. Greatest coherency in the reflections
was achieved with stacking velocities on the order of 3400-
3700 ms~! from the near surface to 500 ms. Similar velocity
functions were determined throughout the 3D volume and
along the 2D profile. The entire processing flow is given in
Table 1.

Inline 1028 corresponds to the inline that passes closest
to the two cored boreholes (Fig. 3b), with Nore-1 located at
about crossline 1061 and Nore-2 located at about crossline
1110. There is little lateral variation in reflection travel times
along inline 1028 (Fig. 5a). Amplitude variations are signifi-
cant, but some of this variation may be due to differences in
fold and in amplitude versus offset effects, as well as variable
interference from residual source generated noise that has not
been completely removed. Reflections below about 450 ms
are possible multiples that have not stacked out, but could
also correspond to top basement reflections. A strong multi-
ple at about 700 ms was attenuated by stacking at higher ve-
locities. A crossline passing over the boreholes (Fig. 5b) also
shows only minor differences in reflection travel times, sug-
gesting there is little structural variation below the 3D area.

Given the 1D structure of the area and the variable fold,
we have chosen not to present migrated results since migra-
tion introduces some artifacts into the volume. The stacked
volume was initially depth-converted using a velocity of
3500ms~! (Fig. 6). This velocity corresponds to the aver-
age NMO velocity used. Depth conversion with the actual
stacking velocities gives a similar result, with the exception
that some of the later reflections appear deeper than when
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Figure 4. Source gather processing. (a) Raw data with only trace
balancing applied. (b) Same source gather as (a) with spherical di-
vergence, deconvolution and a high-pass 40-70 Hz filter applied.
(¢) Source gather with processing up to step 10 in Table 1 applied.
P: first arrival; DW: diving P wave; R: reflection; SW: surface wave;
AB: air blast; S: direct shear wave.

using the constant velocity. It is clear that there is a poor
match between the sonic log that follows the geological sec-
tion (Fig. 2) versus the depth section extracted from the 3D
seismic results (Fig. 6). The strong reflection at 340 ms is
located at 600 m on the depth section, and the reflectivity ex-
tends about 100 m below the top of the Precambrian, imply-
ing strong reflections in the upper part of the Precambrian
basement when depth converting with the average NMO ve-
locity.

4 Borehole geophysical data
4.1 Distributed acoustic sensing data

Distributed acoustic sensing (DAS) measurements were per-
formed in a multi-offset walk-away vertical seismic profile
(VSP) manner in both the Nore-1 and Nore-2 boreholes us-
ing a fiber optic cable hanging loosely in the open hole. In
Nore-1, data were recorded down to 492 m and in Nore-2
down to 737 m. Ideally, the fiber optic cable should be ce-
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Figure 6. Inline 1028 depth-converted using 3500 m g1 compared
with the sonic logs from Nore-1 and Nore-2 shown as blue curves.
The red lines down to 170 m mark the cased sections of the bore-
holes that were not possible to log. The poor match between the
sonic logs and the seismic section implies that the 3500 m s1 depth
conversion velocity is not optimal. A 5-point boxcar filter was ap-
plied to the raw sonic logs before plotting.

mented in behind casing or in the borehole itself, but this
was not an option for these wells since they were to be re-
entered for further studies. The fiber optic cable was sam-
pled at 2.45m intervals, and data were recorded at a sam-
pling frequency of 4000Hz. A clear P-wave arrival is ob-
served in Nore-1 on source gathers with the source points
close to the wellhead, as well as significant tube wave energy
(Fig. 7a). Data from Nore-2 are dominated by tube waves,
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and there are no clear P wave first arrivals on the near “zero-
offset” raw source gathers, even after filtering tests at vari-
ous frequencies. However, when the source is offset some 20
to 100 m, then P-wave first arrivals can be discerned down
to about 420 m (Fig. 7b). Even though P-wave first arrivals
cannot be identified deeper down, their arrival times can be
determined at the locations where tube waves are generated.
Given these tube wave generation depths, it is found that the
average velocity is no greater than 3100 ms~! down to about
580 m below the surface (Fig. 7), as can also be seen from
the green line in Figure 8a for the calculated DAS interval
velocities.

It is well known that, for many anisotropic layered sed-
imentary rocks, the horizontal velocity is generally greater
than the vertical velocity (e.g., Thomsen, 1986). Further-
more, in anisotropic media the NMO velocity will also de-
pend upon the horizontal velocity, not only the vertical ve-
locity. In the case of elliptical anisotropy, the NMO velocity
will correspond to the horizontal velocity. Therefore, with
the support of the DAS measurements, a depth conversion
velocity of 3100ms~! can be justified as a better estimate
of the vertical velocity than the average NMO velocity of
3500 ms~!. In the following section we show that an average
velocity of 3100m s~ is also consistent with sonic velocity
measurements in the boreholes.

4.2 Sonic log

After completion of drilling, geophysical logging data were
acquired in the Nore-1 and Nore-2 boreholes. We focus here
on the sonic logs (Fig. 8a). Due to the casing installations in
the boreholes already mentioned, data are only available be-
low about 170 m depth. The sonic velocities generally fall be-
tween the average NMO velocity of 3500 m s ! and the inter-
val velocities from the DAS measurements. It is well known
that high-frequency sonic velocities are generally faster than
those at seismic frequencies (Stewart et al., 1984). This can

Solid Earth, 16, 865-876, 2025
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Figure 7. (a) Near-offset source gather recorded in the Nore-1 borehole. (b) Offset DAS source gather recorded in the Nore-2 borehole with

the source about 25 m from the wellhead. The red curve marks the expected first arrival time for a wave propagating through a 3100 ms
constant velocity medium, while the blue curve gives the arrival time for a wave propagating at 3500 ms™".

explain the discrepancy between the sonic and DAS veloc-
ity but cannot explain the difference between the sonic and
NMO velocity. In order to compare the sonic log measure-
ments with the surface seismic data, a synthetic seismogram
was generated based on the sonic data from the two bore-
holes. Since no sonic velocity information was available for
the upper 170 m, we used the DAS data as a guide for this in-
terval. Furthermore, a high-velocity layer at the surface was
included to account for the hard limestone found in the up-
per part of the borehole (Fig. 2). With the assumed velocity
functions, a good match is obtained between the observed
data and the synthetic seismograms on inline 1028 from the
3D survey (Fig. 8b). A more detailed comparison between
the borehole data and the seismic data will be presented in
the next section.

5 Discussion
5.1 Depth conversion

In order to compare the seismic data with the information
obtained from core drilling, it is more suitable to use a ver-
tical velocity function based on the DAS data, rather than
the NMO velocities. The deepest point on the DAS record-
ing that provided a P-wave arrival time was at about 580 m
(Fig. 7b). Lacking deeper DAS data, we assumed an average
vertical velocity of 3100 ms~! below 580 m. Using this new
velocity function for depth conversion clearly shows that the
seismic data match the sonic logs much better (Fig. 9b). In
fact, a number of reflections on inline 1028 can be directly
correlated to the borehole data. In particular the reflections
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at ca. 210, 320 and 400 m (coded A, B and C in Fig. 9b)
are most likely generated by the relatively thin higher sonic
velocity intervals at corresponding depths (coded A, B and
C in Fig. 8). Reflections B and C probably correspond to
the Mulde and Ireviken events, respectively, that have been
identified in the core. The gradual increase in sonic velocity
starting at 470 m (top of the Ordovician) that continues for
20 to 30 m is probably generating the low-frequency reflec-
tion that marks the start of the high-amplitude reflections be-
low. Given that the high-velocity limestone appears to have a
rather constant velocity, it is somewhat unexpected that sev-
eral cycles of high-amplitude reflections are present. How-
ever, there are variations in velocity within this interval that
may be enough to generate the cyclic response. Support for
this is seen in the synthetic seismograms (Fig. 8b), which also
show a cyclic response that agrees reasonably well with the
observed data. Numerous reflections are present in the Cam-
brian sequence that contains the potential reservoirs. How-
ever, it is difficult to map a one-to-one correspondence be-
tween the well data (sonic or core logging) and the seis-
mic depth section. This may be due to (i) impedance con-
trasts being low between the reservoir sandstones and the
surrounding shales, (ii) interference or tuning between the
reflections from the interfaces in the alternating sequence of
sandstones and shales, (iii) higher lateral variability in the
lithology within the Cambrian than in the overlying Ordovi-
cian and Silurian rocks, (iv) interference from internal multi-
ples from the overlying Ordovician limestone, or (v) a com-
bination of these factors. Inspection of the seismic data does
indicate lateral variability in the seismic response in this in-
terval, suggesting that there are some lateral variations, even
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Figure 8. (a) Sonic logs from the two boreholes. Green line in Nore-2 shows the velocities calculated from the DAS measurements, the
red line shows the average NMO velocity to 500 m. A 5-point boxcar filter was applied to the raw sonic logs before plotting. (b) Synthetic
seismograms from the two boreholes are plotted on inline 1028 as a series of red waveforms.

if the two sonic logs are quite similar through the Cambrian.
Note that there is no clear reflection off the top of the base-
ment as might be expected based on the sonic logs.

5.2 Seismic modeling

In order to better understand the seismic response at the Su-
dret site, a number of seismic modeling tests were performed.
As expected, we find that it is necessary to include anisotropy
in the modeling to obtain a reasonable match between the
real data and the modeled data. Here we show results from
two models. In the first model we use a velocity model based
on the sonic log. Due to the absence of sonic log data in the
upper part of the boreholes, we assume a 20 m thick high-
velocity layer at the surface and a DAS-based velocity down
to 170 m, while the velocity is assumed to be constant in the
crystalline basement. This first model is isotropic where the
horizontal velocity is equal to the vertical velocity; in other
words, only the vertical velocity is considered. Hence in the
first model, both vertical and horizontal velocities are as-
sumed to be those shown in Fig. 10a. The second model is
equivalent to the first, with the exception that we assume the
horizontal velocity is 13 % faster than the vertical velocity in
the upper 500 m. Therefore, in the second model the verti-
cal and horizontal velocities are assumed to be those shown
in Fig. 10a and b, respectively. We did not test more com-
plex forms of anisotropy that could also explain the reflec-
tion moveout since we cannot verify if they are present or
not. Therefore, we have assumed elliptical anisotropy, which
is the simplest form of anisotropy that can explain the data.
The horizontal V), / Vs ratio is assumed to be 2. Below 500 m,
we assume the rock is isotropic. Modeling was performed us-
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ing the suea2df code, a 2D elastic anisotropic code available
in Seismic Unix (Juhlin, 1995). Modeling results at offsets
up to 1500 m are shown in Fig. 11, along with a filtered ver-
sion of a typical source gather from the 2D profile. For pro-
ducing the source gather shown in Fig. 11a, the isotropic ve-
locity model with only vertical velocity variations was used.
The gather shown in Fig. 11b was generated assuming the
upper 500m is elliptically anisotropic; hence both the ver-
tical and horizontal velocities were used. Three prominent
arrivals marked by arrows show that the anisotropic model-
ing agrees with the real data much better than the isotropic
modeling. What we interpret as a diving wave (green arrow)
propagating through the shaly/marly units above the Ordovi-
cian limestone arrives significantly earlier in the anisotropic
modeling results (Fig. 11b). The reflected P—P (red arrow)
and P-S (yellow arrow) waves have the same near-offset ar-
rival times in the isotropic and anisotropic modeling, but the
moveout in the anisotropic modeling matches the real data
much better. We conclude that the anisotropic model used is
consistent with the data, but forms of anisotropy other than
elliptical cannot be ruled out.

5.3 Relevance to offshore CO, storage

As shown in previous work (e.g., Sopher et al., 2016) the
Ordovician limestone is a clear seismic marker that can be
mapped over a wide area, both onshore and offshore. Below
this unit we expect to find the Cambrian sandstones which
are the most prospective for potential CO, storage within
Swedish waters below the Baltic Sea. Based on Sopher et
al. (2016) the offshore stratigraphy south of Gotland is gen-
erally similar to that found in the Nore wells. However, the
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Figure 10. Vertical (a) and horizontal (b) velocity models. For the isotropic model only the vertical velocity was used for producing the
source gather shown in Fig. 11a. For Fig. 11b the vertical and horizontal velocities were used, assuming the upper 500 m is elliptically
anisotropic, implying the vertical and horizontal velocities are equal below 500 m.

Faludden sandstone is interpreted to increase in thickness to
the south. Lack of core does not allow the offshore prop-
erties to be investigated in detail, but we speculate that the
properties of the potential reservoir sandstones and overly-
ing caprock should be similar to what is found in the Nore
wells. Our study shows that it is difficult to identify reflec-
tions directly from these sandstone units, even with the high-
frequency data that we have obtained. It is therefore un-
likely that the sandstone layers can easily be mapped directly
with seismic methods offshore. However, given the presence
of the strong reflection from the Ordovician limestone and
information from previous offshore drilling (Sopher et al.,
2016), we can obtain a good estimate of the depth to the
sandstone units. This is provided that we know what veloc-
ity to use for depth conversion. It is likely that the offshore
shaly/marly Silurian units are also anisotropic, and if seis-
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mic data are used where there is no well control, then this
anisotropy should be considered prior to depth conversion. It
could be worthwhile revisiting some of the more recent data
acquired offshore in the Baltic Sea to investigate the presence
of anisotropy and to allow better depth estimates to be made
in those areas.

6 Conclusions

Reflection seismic data were acquired on southern Gotland in
order to gain a better understanding of the geological struc-
ture in the area and to extrapolate results from core drilling
away from the boreholes as part of a program to investigate
the potential for geological storage of CO, in the Baltic Sea
area. During processing it became clear that there were sig-
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Figure 11. Comparison between different synthetic results and real data. (a) Results from isotropic modeling. (b) Results from anisotropic
modeling. (c¢) Real source gather from the 2D seismic profile. Red arrow marks the reflection off the top of the high-velocity Ordovician
unit, yellow arrow marks the converted wave (P-S) reflection off the top of the Ordovician unit and green arrow marks the diving wave

propagating through the rocks above the Ordovician unit.

nificant discrepancies between the depth-converted seismic
data and the borehole data when the normal moveout (NMO)
velocity was used. The use of distributed acoustic sensing
(DAS) data, along with sonic log measurements, led to a
better understanding of the subsurface velocities, which im-
proved the depth conversion and alignment with the core and
sonic logs. Specifically, a vertical velocity function based on
DAS measurements was shown to provide an image that bet-
ter correlated with the borehole core and logs. In the case
presented here, the structure is essentially 1D, and DAS mea-
surements in a single borehole are sufficient. For areas which
have more lateral variations, it may be necessary for DAS
measurements in several boreholes to constrain the vertical
velocities.

The discrepancy between the NMO and DAS velocities
can be explained by the presence of anisotropy in the up-
per 500 m, with horizontal velocities being higher than ver-
tical velocities. Seismic modeling showed that an elliptical
anisotropic model with 13 % anisotropy and a V}/Vs ratio
of 2 could explain the observations. However, there may be
other anisotropic models that can also be consistent with
the data. Nonetheless, several marker horizons are observed
in the seismic data that can be correlated to the boreholes
when the data are depth-converted using velocities based on
the sonic and DAS data. These include the strong reflection
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package from the Ordovician limestones and the weaker re-
flections from the Mulde and Ireviken events. Although the
target Cambrian reservoir sandstones show numerous reflec-
tions, it is not possible to correlate these on a one-to-one ba-
sis with the individual sandstone units. This may be due to
low-impedance contrasts with the surrounding rocks, a com-
plex interference pattern from thin sandstone layers and pos-
sible interference from internal multiples. Future processing
of seismic data from the Baltic Sea area should take into ac-
count the presence of anisotropy and the complex reflection
response from the Cambrian sandstones.
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