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Seismic stratigraphy of the Klints Bank east of Gotland (Baltic Sea):
a giant drumlin sealing thermogenic hydrocarbons
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Abstract
This work analyses six high-resolution multi-channel seismic profiles across the Klints Bank east of Gotland. The Klints Bank
consists of a drop-shaped increase of the Quaternary thickness and is oriented in an approximately north-southern direction with a
length of over 50 km, a width of about 15 km and a maximum thickness of 150 m. The glacial origin of the Klints Bank can be
verified with the dataset presented in this study. We classify the feature as a (giant) drumlin due to its steep up-ice and tapered
down-ice face in combination with an orientation parallel to the ice-flow direction of the Weichselian glaciation. The seismic
image of the internal structure of the Quaternary unit shows no uniform stratification or deformation patterns; instead, local sub-
parallel reflection patterns interlayered with transparent units are observed. The averaged seismic velocity of this unit is about
2000 m/s, which is interpreted as an autochthonous deposition of glaciogenic sediments. Signs of overprinting are interpreted
based on the geometry of the flanks of the structure, which appear mostly in the form of collapse structures and lifted blocks due
to compressional thrust faulting. Phase-reversed events within and beneath the Quaternary are perceived as strong evidence of
fluid (hydrocarbon) presence within the Klints Bank. Organically enriched Palaeozoic shales in south-easterly direction of the
Klints Bank presumably give the origin of these thermogenic hydrocarbons.

Keywords Seismic stratigraphy . Drumlin formation . Gotland . Hydrocarbon indicators . Glaciogenic sediments . Quaternary
evolution . Baltic Basin

Introduction

Moving glaciers affect the underlying landscape in a number
of ways, predominated by erosional processes on the one hand
and deposition of glaciogenic material on the other. There is a
variety of glacial landforms resulting from these processes
(e.g. moraines, drumlins, eskers, mega-scale glacial lineations
and meltwater-channels), which provide useful information

about the extent of former ice sheets, their flow direction
and dynamics. Submarine glacial landforms, in particular, rep-
resent a valuable archive of paleo-glacial processes, as they
are less prone to erosion and reworking than subaerial land-
forms and therefore often better preserved in the geological
record (Dowdeswell et al. 2016).

One of the typical landforms occurring in former glacier
bed areas are called drumlins, defined by Stokes et al. (2011)
as a streamlined oval-shaped hill with a generally steeper up-
ice than down-ice face and the longitudinal axis orientated
parallel to the ice flow. The formation process of these fea-
tures is still a point of controversy and is actively discussed
(e.g. Smalley and Unwin 1968; Menzies 1979; Fowler 2009;
Fowler 2011; Clark 2010; Hooke andMedford 2013; Menzies
et al. 2016). This is largely due to the huge variety of forms
and compositions, as well as the lack of information about the
internal architecture of investigated drumlins. Former studies
mostly rely on geomorphological mapping, borehole data and
sampling of drumlin material (e.g. Jørgensen and Piotrowski
2003; Rattas and Piotrowski 2003; Clark et al. 2009; Spagnolo
et al. 2011; Stokes et al. 2011; Jakobsson et al. 2016; Menzies
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et al. 2016). High-resolution seismic imagery is very rarely
available, and hence, there are few cases of it being utilised as
a tool to image the structure of drumlins (e.g. King et al. 2007;
Smith et al. 2007).

In the Baltic Sea area, many glaciogenic deposits, includ-
ing drumlins, occur due to the Pleistocene glaciations. These
features have been studied onshore, e.g. in Estonia (Rattas and
Piotrowski 2003), on the Danish island Funen (Jørgensen and
Piotrowski 2003) and in Northern Sweden (Hättestrand et al.
2004) as well as offshore. Submarine drumlins and eskers
have already been identified, e.g. in the Gulf of Bothnia
(Jakobsson et al. 2016; Greenwood et al. 2017), mostly occur-
ring in the marginal areas of former Weichselian glacier
tongues as so-called drumlin swarms.

The bathymetric overview map in Fig. 1 reveals several
morphologically noticeable features and banks in the area of
the Gotland basin. This work investigates the submarine
Klints Bank located east of Gotland (Fig. 1) with respect to

its evolution in the context of glacial processes. After Sopher
et al. (2016), the Klints Bank could possibly be the largest
drumlin of the Baltic Sea region. To understand more about
the genesis of this drop-shaped morphological high, the posi-
tion of the Klints Bank is analysed with respect to pre-existing
structural imprints in the pre-Quaternary surface and its em-
bedding in the surrounding morphology. The Quaternary unit,
which is of an extraordinary high thickness in this area
(Gelumbauskaitė 1995; Sopher et al. 2016), is analysed by
means of high-resolution seismic profiles.

In addition to the glacial history of the Klints Bank, the area
could also be of interest in the context of hydrocarbon reser-
voirs in the Baltic Sea. Flodén et al. (2001) describe the exis-
tence of elongated Silurian reefs below the Klints Bank, which
are assumed to have generally minor reservoir characteristics,
although oil residues have been observed in the Silurian
Burgsvik sandstone in the south of Gotland (Sivhed et al.
2004). According to Flodén et al. (2001), there is clear

Fig. 1 Bathymetric map of the study area (bathymetric data after
EMODnet 2018). a Overview over the Gotland basin with marked
geological features. The light blue arrows represent the reconstructed
paleo ice-flow direction in the Weichselian glaciation (thick arrows

after Woźniak and Czubla 2015, Hall and van Boeckel 2020; thin
arrows visualising the refined ice flow we assume around the Klints
Bank). b Close-up of the Klints Bank with marked seismic profiles (for
the location note the dashed frame marked in map a)
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evidence for hydrocarbon seepages offshore the eastern coast
of Gotland, visible as oil stains on the water surface on calm
days, but this observation is not definitely constrained.

This leads to the following research questions addressed in
the study:

& Is there a pre-Quaternary morphological structure, which
caused the formation of the Klints Bank at this specific
position?

& Can the classification of the Klints Bank as a drumlin be
verified?

& Does the internal structure of the Klints Bank provide
indications on the subglacial formation process?

& Does the increased Quaternary thickness play a role as
reservoir or seal for hydrocarbons?

The present data acquired onboard RV Alkor offer the rare
opportunity to image the internal structure of a potential drum-
lin seismically, which provides us with useful information
about the formation process of glaciogenic landforms at the
base of glacial ice sheets.

Geological setting

Geological evolution

The seismic profiles investigated in this study are located in
the northeast-southwest striking Baltic Basin (Fig. 2), which
extends in a north-easterly direction from the Southern
Permian Basin (McCann et al. 2008). The evolution of the
Baltic sedimentary basin in the western part of the East
European Craton began during the late Ediacaran to early
Cambrian time and is associated with the break-up of the
Rodinia supercontinent (Šliaupa et al. 2006; Šliaupa and
Hoth 2011). The most significant period of formation for the
Baltic Basin took place during the Caledonian Orogeny (late
Silurian/early Devonian) where the basin developed as a flex-
ural foreland basin (Šliaupa 1999; Šliaupa and Hoth 2011).
Many structures formed during these periods still outline the
present-day morphology in the Baltic Sea region
(Gelumbauskaitė 1995).

The Quaternary history of the Baltic Basin is dominated by
glacial phases in the Pleistocene. As summarised by Al
Hseinat and Hübscher (2017), the study area and adjacent
areas have experienced at least three extensive glaciations:
the Elsterian, Saalian and Weichselian ice sheets (Ehlers
et al. 2011; Hughes et al. 2016; Roskosch et al. 2015). The
ice movement direction was approximately perpendicular to
the present shoreline of the Baltic Sea Basin (Piotrowski 1997;
Piotrowski and Tulaczyk 1999). These glaciations caused
strong erosion of the Palaeozoic units especially in the western
part of the basin. The end of the latest glacial period—the

Weichselian glacial—about 10,000 years ago initiated the de-
velopment of the present-day Baltic Sea (Andrén et al. 2011).
Today, it is clear that the present-day form of the Baltic Sea is
a combination of the pre-existing Palaeozoic basin structures
overprinted with the effects of glacial erosion (Šliaupa and
Hoth 2011).

The formation of the present Eastern Gotland Basin includ-
ing the Gotland Deep in the central Baltic Sea east of Gotland
(Fig. 1) is considered to be the result of the interaction of
tectonic and eustatic processes as well as denudation and
glacioisostasy in context of the latest glacial periods.
Furthermore, it is closely linked to the evolution of the
Baltic Shield (Gelumbauskaitė 1995). After Gelumbauskaitė
(1995), the “Gotland Depression” (Eastern Gotland Basin) is
divided into a western and eastern basin by two swells, which
are called the Klints Bank (northern swell) and the Southern
Klints Bank (southern swell). The Klints Bank is located at the
western margin of the Gotland Deep, where water depths
reach up to 250 m, the greatest depths in the entire Eastern
Gotland Basin (Fig. 1). In Sviridov and Emelyanov (2000),
the Klints Bank is described as one of many moraines, which
are typically characterized by seismic velocities of 1500 to
2200 m/s and densities between 1.8 and 2.4 g/cm3. By means
of industrial seismic profiles the structure is identified as a
glacial formation (Sopher et al. 2016), which possibly repre-
sents the largest drumlin in the offshore Baltic Sea. It is char-
acterized by a locally increased Quaternary thickness and is
based on the eroded surface of the Palaeozoic bedrock. After
Sopher et al. (2016), the Silurian units around the Klints Bank
have seismic velocities in the range of 3200 to 5000 m/s,
determined by analysis of well measurements in nearby bore-
holes, such as BO-12 (Fig. 2).

Figure 2 shows the stratigraphic interpretation of an indus-
trial seismic line after Sopher et al. (2016) with its location
marked in the profile map in the bottom right corner. The
stratigraphy is correlated with the borehole in position E (BO-
12) and illustrates clearly the local increase of the Quaternary
thickness associated with the Klints Bank. The underlying
Palaeozoic units are bedded concordantly on top of the
Precambrian bedrock and dip in a south-easterly direction into
the Baltic Basin. This is especially visible in the south-north
striking parts of the profile (shown between sections A–C, D–E
and F–G). Devonian strata represent the youngest Palaeozoic
strata along the profile and are only present in the southern part.
Hence, the Pre-Quaternary bedrock in the Eastern Gotland
Basin consists primarily of Palaeozoic units as depicted in the
profile map (Fig. 2 bottom right). The age of the bedrock de-
creases from Precambrian age at the Swedish coast in the north-
west of the map, to Silurian age around Gotland, to Mesozoic
age further to the southeast. The depth of this Pre-Quaternary
surface near Gotland does not reveal any form of morpholog-
ical high in the area of the Klints Bank, but dips into the
Gotland Deep east of Gotland (Šliaupa et al. 1995).
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Hydrocarbon reservoirs

The Baltic Basin is a proven region for hydrocarbons, where
more than 700 deep wells have been drilled and over 40 hy-
drocarbon accumulations have already been discovered
(Brangulis et al. 1993; Freimanis et al. 1993; Kanev et al.
1994; Dobrova et al. 2003; Zdanaviciute and Lazauskiene
2004; Šliaupa et al. 2004; Šliaupa and Hoth 2011), of which
some are commercial. These reservoirs consist mainly of
Middle Cambrian sandstones, which are underlain by organic
richMiddle Cambrian shales and are sealed upwards by shales
of Ordovician to Silurian age (De Vos et al. 2010; Pletsch et al.
2010). Ordovician carbonates in the Baltic Sea provide a sec-
ondary, less volumetrically significant reservoir in the Baltic
region (De Vos et al. 2010). The production of oil from
Ordovician carbonate mounds has been significant on
Gotland and first began in the 1940s (Johansson et al. 1943).
Furthermore, Flodén et al. (2001) describe clear indications of
hydrocarbon seepages in the Silurian reef area, east of
Gotland. However, in other studies, there is no verification
for the accumulation of hydrocarbons in these Silurian reefal
structures (Šliaupa and Hoth 2011). Furthermore, the black

graptolitic shales of the Upper Ordovician and Silurian are
in principal thermally mature enough to generate hydrocar-
bons (De Vos et al. 2010) and therefore considered potential
source rocks.

Zdanaviciute and Lazauskiene (2004) compiled oil discov-
eries in Silurian reefs and Cambrian reservoirs along or near
the Baltic coasts of Russia, Lithuania and Latvia.
Geochemical data indicate the presence of mature Silurian
source rocks onshore western Lithuania (Zdanaviciute and
Lazauskiene 2007). Wagner (2011) mapped a zone of in-
creased hydrocarbon concentration both in bottom sediments
and in bottom water. These authors attributed the main migra-
tion routes of liquid and gaseous hydrocarbons originating
from subsurface geological structures to major fault zones
and related systems of fissures. However, they also found
evidences for migration of subsurface hydrocarbons through
the pinch-out zones of sedimentary complexes.

Glacial landforms in the Baltic Sea area

In today’s Baltic Sea and adjacent land areas, several glacial
landforms provide evidence of paleo ice movement during the

Fig. 2 Stratigraphic interpretation of a seismic profile (section) crossing the Eastern Gotland Basin. The profile map (bottom right) indicates the marine
bedrock geology of the region as well as the locations of the borehole BO-12 and the study area (modified from Sopher et al. 2016)
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Pleistocene glaciations (e.g. Hättestrand 1998; Hättestrand
et al. 2004; Greenwood et al. 2016). Drumlins have already
been identified, e.g. in Estonia (Rattas and Piotrowski 2003),
Latvia (Saks et al. 2012), Finland (Heikkinen and Tikkanen
1989) and the Gulf of Bothnia (Jakobsson et al. 2016;
Greenwood et al. 2017), where they often form so-called
drumlin swarms in the marginal areas of former Pleistocene
glacier tongues. Jakobsson et al. (2016) present a submarine
drumlin swarm in the southern Gulf of Bothnia, which is
further analysed in Greenwood et al.’s (2017) study. The
drumlins in this area often have a bedrock core, which is also
observed onshore in Northern Sweden (Hättestrand 1998;
Hättestrand et al. 2004) and on the Danish island Bornholm
(Jakobsen 2012). Rattas and Piotrowski (2003) describe the
Estonian Saadjärve drumlin field and connect the size and
form of the individual drumlins to the permeability of the
underlying bedrock, which influences the drainage of
meltwater at the ice base and therefore the coupling of ice
and bedrock. The drumlins in this field reach a maximum of
12 km in length, 60 m in height, and 24 km2 in surface area.
Similarly, the influence of the bedrock characteristics on the
formation of drumlins is described in Saks et al. (2012) for a
drumlin field in Latvia, but here, the pore fluid pressure at the
ice base is taken into account additionally.Within this drumlin
field, there are 21 drumlins in total, whose individual lengths
vary between 1.5 and 5 km.

Data and methods

The analysed dataset over the Klints Bank consists of six high-
resolution multi-channel seismic profiles acquired by the
University of Hamburg (Germany) in cooperation with the
University of Uppsala (Sweden) in 2017 onboard RV Alkor
(cruise AL502). The seismic lines of about 136 km in total
cover the Klints Bank in a north-south as well as a west-east
direction, as depicted in Fig. 1. TwoGI-Guns operated in “true
GI mode” (each one with an air volume of 45 in3 for the
generator and 105 in3 for the injector) were fired every 10 s,
resulting in a nominal shot interval of 25.72 m. The recording
system consisted of a 144-channel digital streamer with an
active length of 600 m that was towed at a depth of about
4 m below sea surface. Furthermore, seismic sections of the
surrounding area are shown, which were acquired on RV
Alkor as well. The data instances in Fig. 9a–c have been
acquired during student educational cruises by the
University of Hamburg. The profiles presented in Fig. 9 were
acquired in 2017 during the abovementioned cruise AL502
(Fig. 9d). The seismic section shown in Fig. 10 has been
recorded during RV Alkor cruise AL526 in 2019 (Hübscher
et al. 2020). The seismic source was a mini-GI; each of the
volumes was 15 in3. A 48-channel analogue streamer of 200-
m active length received the data. Further information about

the seismic method can be found, e.g. in Hübscher and Gohl
(2016). The data processing was performed using the
VISTA® Seismic Data Process ing Sof tware by
Schlumberger. Significant processing steps include filtering,
deconvolution in τ-p-domain, velocity analysis, stacking and
migration. These steps where applied to remove noise and
multiples as well as to resolve the internal structures of the
Quaternary unit.

Results

The description of results is based on data examples and main-
ly focuses on the shape and location of the Klints Bank, inter-
nal reflection patterns visible in the seismic profiles and phase
reversals, but also shows additional seismic profiles of the
surrounding area. Stratigraphic assignments follow the bore-
hole information of the nearby borehole BO-12 published in
Sopher et al. (2016). For its location, see Fig. 2 (position E).

Seafloor and bedrock topography

In the bathymetric map of the study area (Fig. 1), the Klints
Bank appears as an elongated morphological high at the north-
western edge of the Gotland Deep. Its dimensions are approx-
imately 50 km in length and 15 km in width, and it builds up a
bathymetric high separating the Eastern Gotland Basin (Fig.
1) into a western and an eastern part (including the Gotland
Deep). A small northeast-southwest trending trough (Fig. 1)
separates the Klints Bank from the Southern Klints Bank. To
the north of the bank, the bathymetry is characterised by a
heart-shaped depression pointing towards the Klints Bank.

The longitudinal axis of the elongated bathymetric high has
an azimuth of approximately 10° (southwest-northeast),
which is fairly well-aligned with the reconstructed general
ice-flow direction marked in Fig. 1 (Woźniak and Czubla
2015; Patton et al. 2016; Hall and van Boeckel 2020).
Figure 3 shows the north-south striking profile passing the
formation in longitudinal direction (note the vertical exagger-
ation of about VE = 54). The northern face of the Klints Bank
is characterised by a steeply rising seafloor, due to an abrupt
increase in the thickness of the Quaternary section. In the
segment from 10 to 20 km distance, the seafloor stays approx-
imately horizontal, before it tapers down along the southern
flank of the bank. In the southern part of the profile the chan-
nel structure outlined above appears as a pronounced incision
of about 3 km width into the Quaternary unit. The surface of
the Quaternary unit shows a rough hummocky structure,
which is particularly apparent at the base of the northern flank
and on the southern flank.

The acoustic basement of the Quaternary Klints Bank (in
the following called “Base Quaternary”; BQ) is marked by a
strong reflection in all profiles and is equivalent to the top of

Geo-Mar Lett (2021) 41: 9 Page 5 of 15     9



the Silurian in most areas. In the southern part of the north-
south profile (Fig. 3), there is an additional strong reflection
visible, which dips down to about 0.37-s travel time at the
southern end of the profile. The stratigraphic assignment of
this horizon (marked with a dashed line) is not constrained by
the borehole data and discussed later. In the following, the
upper horizon at about 0.27-s travel time is considered part
of the BQ.

Figure 4a shows an interpolation of the BQ for all profiles in
the time domain (seismic two-way-time (TWT)). For better ori-
entation, the outline of the morphological high is marked with a
dashed line (Fig. 4a–c). Due to the irregular distribution of data
points along and between the profiles, the interpolation was per-
formed using a cell size of 0.5 km to minimise interpolation
artefacts. The interpolated surface generally dips to the southeast
and shows an elongated convex upwards form parallel to the
longitudinal axis in the northern part of theKlints Bank. A simple
depth conversion, with assumed (constant) interval velocities of
vWater = 1500 m/s for the water column, vHolocene = 1700 m/s for
the Holocene deposits and vQuaternary = 2000 m/s for the
Quaternary unit leads to a depth reconstruction of the underlying
surface shown in Fig. 4b. The interpolated surface in the depth
domain is also dipping towards the southeast but does not show
any morphological high along the drumlin axis.

Figure 4c presents the thickness of the Klints Bank, derived
by the depth conversion of the travel time difference between
the interpolated BQ and the interpolated Quaternary surface.
To calculate the thickness map, an average seismic velocity of
vQuaternary = 2000 m/s within the Klints Bank was assumed.
Hence, the values of the travel time difference in milliseconds
directly correspond to the estimated Klints Bank thickness in
metres. The figure shows the oval-shaped increase of the
Klints Bank thickness, which rises steeply from 10 m at the
northern end of the study area, reaches its maximum of about
150 m in the centre and then decreases slightly to a thickness
of 60m at the southern end of the area. Furthermore, the width
of the formation increases southwards.

Internal reflection patterns

Figure 5 shows one of the west-east trending profiles used as
an example for the description of the predominant reflection
patterns. The internal reflection configuration within the
Quaternary unit comprises sub-parallel to irregular patches
of reflections, which are interlayered with transparent or cha-
otic units. A correlation of particular horizons between differ-
ent profiles is not possible due to the distance between the

Fig. 3 Stacked section and stratigraphic interpretation of the north-south
striking profile (see map). The following abbreviations are used: “BQ” -
base Quaternary, “F” - disturbed/faulted flank (⇌ indicates direction of

movement), “PhInt” - internal phase reversal (within the Quaternary unit),
“M” - seafloor multiple
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profiles. A uniform stratification and deformation pattern is
not observed.

At the western and eastern flanks as well as the southern
flank of the Klints Bank, another striking reflection appears
directly below the seafloor, which divides a thin (presumably
Holocene) unit from the underlying glacial deposits. This lay-
er is characterised by a relatively smooth surface filling in the

rough structures of the hummocky glacial surface. The inter-
nal reflections in this profile (Fig. 5) are mainly unsorted and
therefore reflect the predominantly chaotic pattern. The am-
plitudes vary in a wide range with distinct high- (A+) and low-
(A−) amplitude patches highlighted in the figure. Another re-
current feature is visible on the western side of the structure;
this area is characterized by a steep flank and a highly irregular

Fig. 4 Colour-coded grids with a cell size of 0.5 km (Klints Bank outline
marked with a dashed line). a Interpolation of the Base Quaternary (BQ)
unconformity in the time domain. b Interpolated BQ in the depth domain
(depth below mean sea level in metres), this can be considered to be a

reconstruction of the surface below the bank. c Klints Bank thickness
estimated by depth conversion of the travel time difference between the
BQ and Quaternary surface (all calculations assuming vWater = 1500 m/s
and vQuaternary = 2000 m/s)

Fig. 5 Stacked section and
stratigraphic interpretation of a
west-east striking profile (see
profile map). The following
abbreviations are used: “BQ” -
base Quaternary, “A” - amplitude
anomaly (+ high amplitude, − low
amplitude), “F” - disturbed/
faulted flank (⇌ indicates
direction of movement), “M” -
seafloor multiple
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surface of the glacial deposits. A similar, but less obvious
disruption pattern can be found on the eastern flank of this
profile, as well as on most of the other profiles. Disturbed or
faulted areas such as this are marked with the abbreviation “F”
in the seismic sections. In Fig. 5, the fault at the western flank
marks the western boundary of a block, which is confined by
two faults and exhibits increased thickness of the Quaternary
unit. A similar configuration occurs in Fig. 8 at the eastern
flank of the Klints Bank. Both blocks show a hummocky
structure, which can be seen not only at the surface of the
Quaternary but also on an internal reflection in Fig. 5.

Phase reversals

Phase reversals do not only occur in the case of multiple re-
flections but also at the base and within the Quaternary unit.
While the seafloor shows the normal colour sequence “orange
- blue - orange” the reversed polarisation is characterised by
the reversed colour sequence “blue - orange - blue”. An obvi-
ous example for an internal phase-reversed reflection (abbr.
“PhInt”) can be found in Fig. 6 as well as at the intersecting
position in the north-south profile (Fig. 3) and occurs between
20 and 40 ms below the seafloor. It is marked with the abbre-
viation “PhInt” in both sections. Figure 7 shows the corre-
sponding event in the raw first-channel data after application
of a simple Butterworth bandpass filter. Since the phase

reversal is still clearly visible and its amplitude is comparable
to the seafloor reflection, an artificial generation of the phase
reversal throughout the data processing (deconvolution, stack-
ing, etc.) can be ruled out. Other examples for internal phase-
reversed reflections are visible, e.g. in Fig. 5, at the boundary
of the low-amplitude patches.

Figure 8 shows some phase reversals within the BQ (abbr.
“PhBas”), which are marked in two close-up frames. The
polarisation of the base reflection changes here within small
segments from “orange - blue - orange” (normal) to “blue -
orange - blue” (reversed). As in the case of the internal phase-
reversed events, the phase reversals in the base reflection can
also be identified in the raw data from the first channel (as in
Fig. 7). The lateral extent of the phase reversal is difficult to
determine due to the overlain seafloor multiple.

Comparative seismic sections

The bathymetric map in Fig. 1 reveals several morphological-
ly noticeable features and banks in the area of the Gotland
Basin. However, the distinction between (glaciogenic) depo-
sitional origin and formation as erosional remnant by bathy-
metric data only is often not trivial and requires insight from
seismic sections or borehole samples. In order to evaluate and
compare the Klints Bank profiles in the regional context of the
Gotland Basin, some other seismic profiles crossing

Fig. 6 Stacked section and
stratigraphic interpretation of a
west-east striking profile (see
profile map). The following
abbreviations are used: “BQ” -
base Quaternary, “A” - amplitude
anomaly (+ high amplitude, − low
amplitude), “F” - disturbed/
faulted flank (⇌ indicates
direction of movement), “PhInt” -
internal phase reversal (within the
Quaternary unit)

Geo-Mar Lett (2021) 41: 99    Page 8 of 15



morphologically interesting features are considered (Fig. 9a–
d). The locations of these profiles are marked in Fig. 1.

Figure 9a and b show two approximately north-south-
striking sections north to northeast of the Klints Bank with
marked glaciogenic deposits. Figure 9a shows several small
hills/ridges consisting of glaciogenic sediments on top of a
quite smooth (Ordovician) surface without pre-existing mor-
phological highs. These accumulations are seismically trans-
parent and taper towards their tops. The glaciogenic sediments
in Fig. 9b were deposited at the northern flank of an edge in
the Silurian basement.

The profiles in Fig. 9c and d cross morphological features,
whose appearance in the bathymetric map (Fig. 1) is similar to
that of the Klints Bank as they also build up elongated banks
orientated in an approximately north-south striking direction.
The seismic lines (Fig. 9c and d) indicate that both banks

Fig. 7 Section of the profile in Fig. 6 showing one of the internal phase-
reversed events in the raw bandpass-filtered first-channel data (blue: pos-
itive amplitude, orange: negative amplitude)

Fig. 8 Stacked section and
stratigraphic interpretation of a
west-east striking profile (see
profile map). The following
abbreviations are used: “BQ” -
base Quaternary, “F” - disturbed/
faulted flank (⇌ indicates
direction of movement), “PhBas”
- phase reversal at the Quaternary
base BQ, “M” - seafloor multiple
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consist of bedrock material and are only thinly covered with
glacial or post-glacial deposits. The penetration into the bed-
rock is quite low, and there are no visible reflections at the
base of the features.

In order to set the Silurian bedrock beneath Klints Bank
into its geological context and to suggest possible fluid migra-
tion paths, a seismic profile pointing from east of the Klints
Bank towards the Lithuanian coast in the southeast is present-
ed in Fig. 10. This section crosses the Gotland Deep and
shows the Palaeozoic strata (Devonian, Silurian) dipping to-
wards the southeast.

Discussion

Formation and classification of the Klints Bank

The question arises why the Klints Bank developed at this
particular location. According to Sopher et al. (2016), the
Klints Bank rests on Silurian bedrock. The BQ is clearly
marked by a continuous and high amplitude reflection along
most of the profiles. The additional dipping reflection de-
scribed at the southern end of the north-south profile (Fig. 3)
confines a wedge-shaped unit below the presumed BQ. We
interpret this reflection to be the lowermost Mid-Silurian car-
bonate interpreted in the study by Sopher et al. (2016) (Fig. 2).

This strong reflection is thought to be due to the presence of an
approximately 10-m-thick limestone layer within the marl-
dominated Silurian sequence. This unit is interpreted to be
equivalent to the Eke Limestone onshore Gotland (Calner
et al. 2004).

The upwardwarping of the BQ in the time domain (Fig. 4a)
can be explained by velocity effects due to the increased thick-
ness of the glacial unit. This artefact (known as “velocity pull-
up”), which effects the base reflection in the time domain is
corrected for the depth-converted interpolation in Fig. 4b. The
resulting dip of the BQ to the southeast spatially correlates
with its position on the northwestern flank of the Gotland
Deep. The interpolation is also consistent with the map of
the sub-Quaternary surface published in Šliaupa et al.’s study
(1995) and interpreted profiles in Sopher et al.’s study (2016).
The Klints Bank itself is therefore not built upon a pre-existing
bathymetric feature but is located on the upper shoulder of the
Gotland Deep. However, the outcrop of limestone at the sea-
bed (the strong reflection interpreted as the Eke Limestone)
could potentially lead to different properties (such as friction)
at the base of the glacier. Subsequently, this could have been a
factor which influenced the accumulation of the material at
this position. Other factors that may have affected the position
of the bank cannot be determined from the present dataset.
The heart-shaped depression in the northeast of the Klints
Bank is suggested to play a role in this context, as it could

Fig. 9 Comparative seismic
sections crossing
morphologically noticeable
features in the Gotland Basin near
the Klints Bank. For location, see
Fig. 1. All data are plotted with
same scale. a Upwards tapering
deposits of seismically
transparent glaciogenic
sediments. bGlaciogenic deposits
accumulated at the northern flank
of a step in the Silurian basement.
c Section across an erosional
ridge with very limited signal
penetration. d Section across an
erosional ridge and adjacent drift
body
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have led to a narrowing of the southward flowing ice masses.
The resulting change in the flow velocity at the focused basin
outflow or a varying ice-basement-coupling could have in-
duced the local accumulation of glaciogenic sediments below
the moving ice.

The Quaternary origin of the Klints Bank suggested by
Sopher et al. (2016) can be validated with the present dataset.
Generally, the average seismic velocity of about 2000 m/s
within the Quaternary unit indicates that the Klints Bank con-
sists of glacial till or similar sediments. The purely sedimen-
tary composition rules out the possibility that the Klints Bank
is a whaleback feature, which is composed of bedrock.
Seismic data across erosional ridges in the vicinity are char-
acterized by the absence of seismic signal penetration into the
basement (Fig. 9 c and d). The length-width ratio of Klints
Bank is not consistent with the typical appearance of eskers,
(mega-scale) glacial lineations or lateral moraines. Lateral or
terminal moraines in the vicinity are seismically transparent,
which is taken as an indicator for complete internal mixing of
glaciogenic sediments (Fig. 9 a and b). Furthermore, the crests
of the moraines taper towards their tops. The orientation of
Klints Bank parallel to the ice-flow direction is not consistent
with interpreting Klints Bank as a terminal moraine. In
Sviridov and Emelyanov (2000), the Klints Bank is described
as the thickest part of the glacial ground moraine in the Baltic
Sea, but not analysed in further detail. The orientation of the
long axis parallel to the generally assumed ice-flow direction
in combination with the composition of glaciogenic sediments
also allows for an interpretation of the Klints Bank as lateral
moraine, but the streamlined shape and the symmetric charac-
teristics of the feature make this option implausible.

Its drop-like shape and the orientation parallel to the assumed
ice-flow direction in the last glacial period (Weichselian glacial)
suggests the classification as a drumlin. Specifically, the steep
up-ice flank in the north and the tapering down-ice flank in the

south support this hypothesis. Furthermore, the observed internal
reflection patches indicate that the Klints Bank comprises at least
local internal stratification, which is not the case for the moraines
in Fig. 9 a and b. A remobilisation or spatially distributed accu-
mulation over long distances is therefore not likely. An autoch-
thonous sediment accumulation is corroborated and consistent
with an interpretation of the Klints Bank as a drumlin. The for-
mation of the Klints Bank as a ground moraine cannot be ruled
out with the present dataset, but in terms of the discussed prop-
erties, a classification as drumlin is preferred.

In the regional context, considering other drumlins in the
Baltic Sea area, the Klints Bank with its dimensions of over
50 km in length, 15 km in width and 150 m in thickness
represent an anomalously large glacial feature. In Estonia
and Latvia and the Gulf of Bothnia, drumlin fields at the
margins of former glacier tongues were discovered, whose
single drumlins do not exceed a length of 12 km. The forma-
tion of these drumlin fields is assumed to be related to the
permeability characteristics of the bedrock (Saks et al. 2012;
Rattas and Piotrowski 2003). The Klints Bank differs, there-
fore, from other drumlins in the Baltic Sea, not only in terms
of size but also in the fact that it stands alone, instead of in a
field of similar drumlins.

Faults and overprints at the flanks

The seismic profiles show faults, most notably on the western
and eastern flanks, but also on the steep northern flank of the
Klints Bank, that can be associated with collapses at the edges
of the structure. The notably rough surface of the Quaternary
unit at the base of these steep flanks indicates an unsorted
deposition of the collapsed flank material. This process seems
to have taken place after the initial deposition of the Klints
Bank, but still under the influence of glaciation, since the
formation of such a rough surface would be atypical for the

Fig. 10 Seismic section from east of Klints Bank (NW) towards the Lithuanian coast (SE). For location, see Fig. 1. gsed, glaciogenic sediments; msed,
marine sediments; pcf, prograding clinoforms
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subsequent marine environment. The process that caused the
described overprinting cannot be fully determined from this
dataset. However, as the described escarpments due to col-
lapses at the flanks of the Klints Bank occur in approximately
the same depth (ca. 100–150 ms) all around the structure, we
propose that they are associated with deglaciation of the ice
sheet. Figure 11 illustrates a possible configuration during
deglaciation, where the surface of the Klints Bank was par-
tially melted out of the ice sheet and therefore exposed, while
the flanks of the structure remained under the influence of ice
load. The remaining ice load on the flanks could explain the
formation of faults and flank collapses at the same level.

The blocks of increased thickness, highlighted previously
on the western flank in Fig. 5 and on the eastern flank in Fig.
8, which are bounded by faults on both sides, indicate a com-
pression of the flanks in an uphill direction. This could have
caused reverse faulting of these blocks. This hypothesis is
supported by the undulated surface of the raised parts and a
clearly folded internal reflector in Fig. 5. Both phenomena can
be seen as typical indicators of a compressional regime. The
relative direction of movement of the blocks is marked with
arrows in the interpreted stacked sections (Fig. 5 and Fig. 8).
These structures document another post-depositional
overprinting of the flanks, which is assumed to be related to
the movement of the flowing ice masses. The reverse faults
are presumably older than the flank collapses, but this assump-
tion cannot be verified with the present data.

Phase reversals

Since the phase reversals, observed in Figs. 6 and 8, are clearly
visible in the single channel data (Fig. 7), we can rule out that
the reversed polarisation represents processing artefacts.
Theoretically, the acoustic impedance inversion and negative
reflection coefficient may result either from gas charging or
from vertical lithology changes.

Regarding the phase reversal at the Klints Bank base, the
hypothetic case of vertical lithology changes causing the neg-
ative impedance contrast would require glaciogenic strata in
the lower Klints Bank with an interval velocity higher than
that of the Silurian basement beneath. To examine the plausi-
bility of such a configuration, the range of documented

interval velocities of glaciogenic deposits can be taken from
other studies. For example, Jørgensen et al. (2003) measured
seismic velocities of till, glaciolacustrine clay/silt and meltwa-
ter sand and gravel within buried valleys (also called tunnel
valleys) by VSP in exploration boreholes onshore Jutland and
reported variable velocities between 1750 and 2150 m/s.
Gerok et al. (2017) detected high-velocity infill of presumably
glaciolacustrine origin via acoustic logging in a tunnel valley
onshore Lithuania, which showed interval velocities of up to
2255 m/s. In both studies, the high-velocity infill of the tunnel
valley created velocity pull-ups in the reflection seismic time
sections of some 10 ms TWT. Kristensen and Huuse (2012)
used the pull-ups to estimate the seismic velocity of infilling
till, which amounted to less than 2200 m/s with the exception
of one instance (2370 m/s). In all these studies, the high inter-
val velocity deposits caused a warping or pull-up of underly-
ing reflection horizons. The interval velocities of glaciogenic
deposits measured in the studies mentioned above are well
below the velocity of the Silurian strata of ca. 3000 m/s, ac-
cording to Bjerkéus and Eriksson (2001) and Tuuling and
Flodén (2011). This comparison makes the configuration of
vertical lithology changes causing the phase reversal at the
Klints Bank base implausible. Furthermore, the spatially lim-
ited appearance of phase reversals should be caused by also
laterally limited high interval velocity deposits, which should
result in a reflection from its top. Such a seismic indicator is
not observed in this study. The high interval velocity of the
Silurian, the missing top reflection from a high interval veloc-
ity deposit and the absence of warped reflections beneath the
phase reversals are three observations that are not compatible
with the assumptions that the basal phase reversals result from
vertical lithological and resulting seismic velocity changes.
Instead, the phase reversals at the base of the Klints Bank are a
seismic indicator for fluids—most likely hydrocarbons—beneath
the Klints Bank, which decrease the interval velocity of the
Silurian strata significantly and therefore lead to a negative im-
pedance contrast at the base of the Klints Bank.

The assumption of hydrocarbons is consistent with the gen-
eral occurrence of reservoir and source rocks in the Baltic
Basin (Flodén et al. 2001; Šliaupa and Hoth 2011), but espe-
cially by the observation of hydrocarbon leakage on the sea-
floor (Flodén et al. 2001), or of hydrocarbons within surface

Fig. 11 Illustration of the
proposed partial exposition of the
Klints Bank during deglaciation.
The remaining ice load on the
flanks is causing the faults
occurring in approximately the
same depth at the flanks of the
drumlin
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sediments along faults and pinch-out zones (Wagner 2011).
Figure 10 shows a seismic profile from east of Klints Bank
towards Lithuania, where Zdanaviciute and Lazauskiene
(2004, 2007) reported the abundant findings of mature oil.
The layers becoming shallower to the northwest represent
possible migration paths from the mature oil at the east coast
of the Baltic Basin, e.g. along the calcareous Silurian strata or
Middle Cambrian sandstones. The Klints Bank represents the
stratigraphic seal.

This seal is possibly leaking, because the observation of the
internal phase-reversed event identified in Fig. 7 just below
the seafloor also indicates the presence of fluids. In principal,
these fluids could alternatively originate from organically rich
material within the glacial deposits. For example, Laier (2003)
explained methane seepage in the Skagerrak-Kattegat area by
methane escape from Eemian-Weichselian marine deposits.
However, the presence of similar strata has not been reported
in our study area. We therefore suggest that the internal phase
reversals result from local accumulations of thermogenic hy-
drocarbons that migrated upwards from the Silurian across the
base of the Klints Bank, trapped by impermeable strata.

Conclusions

In the bathymetry of the Gotland Basin, many morphological-
ly noticeable features are visible. The seismic sections cross-
ing some of these features reveal that the distinction between
(glaciogenic) depositional origin and formation as erosional
remnant by bathymetric data alone is often not trivial and
requires additional insight from seismic sections or borehole
samples. The presented seismic sections provide a high-
resolution image of the Quaternary unit in the area of the
Klints Bank, which allows for new conclusions regarding
the glacial origin and the internal structure of the Klints
Bank as well as its role in the context of fluid occurrence in
the Baltic Sea. The morphological high of the Klints Bank is
of purely glacial origin and consists of local thickening of the
Quaternary unit. It rests on the surface of the Silurian, which
dips into the Gotland Deep in a south-easterly direction. The
Klints Bank is approximately 50 km in length, 15 km in width
and reaches a maximumQuaternary thickness of about 150 m.
The streamlined drop-like shape of the bank with its steeply
dipping northern (up-ice) flank and smoothly tapering south-
ern (down-ice) flank in combination with the orientation of the
long axis parallel to the assumed direction of the Weichselian
ice flow can be seen as indicators for the classification of the
Klints Bank as an extraordinary large submarine drumlin. We
therefore propose the denomination of the formation as
“Klints Drumlin”.

The Klints Drumlin consists of glaciogenic deposits with-
out uniform stratification or deformation patterns and a seis-
mic velocity of about 2000 m/s. Local sub-parallel reflection

patches indicate an autochthonous sediment accumulation of
the Klints Bank in contrast to the rather seismically transpar-
ent moraines in Fig. 9 a and b. Thrust faults and collapse
structures at the flanks suggest that the feature was in part
formed or overprinted during deglaciation, where the upper
parts of the structure were exposed above the ice flow.
According to the classification scheme developed by Stokes
et al. (2011) in their Fig. 3, a “combined composition” is
likely. The structure is neither homogenous nor conformable
or unconformable; hence, we suggest a structural classifica-
tion of “irregular”, with subsequent, widespread deformation.

Phase-reversed events within and at the base of the
Quaternary unit provide a strong indication of the presence
of fluids (thermogenic hydrocarbons). The reservoir rock is
assumed to be located within the Palaeozoic units at the east-
ern Baltic Basin, e.g. the mature Silurian oil reservoirs at
western Lithuania.
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