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Sammanfattning

Maringeologiska undersékningar i Askofjarden i Stockholms sodra skéargard har pavisat
trappstegsliknande objekt i sedimenten pa Ostersjons botten. | detta projekt & malet att
analysera trappstegen och undersoka bildningsmekanismer genom data fran
undersokningarna. | studien anvéands de akustiska instrumenten multibeam-ekolod och Chirp
sonar. Multibeam visar bottentopografin och kan ocksa visa objekt i vattenkolumnen medan
Chirp sonar visar sedimentlagren nagra tiotals meter ned i havsbotten. Multibeam visar flera
halvmaneformade trappsteg samt elliptiska “pockmarks”. Vattenkolumnsdata visar lackor fran
havsbotten under trappstegen och pockmarks. Sedimentprofilerna visar att bildandet av
trappstegsformerna kan bero pa antingen gas eller en annan fluid, som kan vara grundvatten.
Ingen slutgiltig slutsats om trappstegens bildningsprocess kan goras pa dataunderlaget i denna
studie och det foreslas att petrofysiska och geokemiska undersokningar utférs som kan
komplettera denna studie.

Abstract

Marine geological surveys in Askofjarden in the southern Stockholm Archipelago has
revealed step like features in the sediments on the Baltic sea floor. The aim of this project is to
analyse the steps and possible formation processes from the survey data. The data used are
taken from the acoustic instruments multibeam echosunder and Chirp sonar sediment profiler.
The multibeam reveal the seafloor topography and can detect water column features. The
Chirp sonar produce sub-bottom profiles showing the sediments down to some tens of meters
underneath the sea floor. The multibeam data show multiple crescent shaped steps as well as
elliptically shaped “pockmarks”. Water column data show what could be interpreted as seeps
from the sea floor under these features. The sub bottom profile show deformation and fluid
signatures under the steps. Gas signatures and what could be other fluids are present. The
interpretation concludes that the formation could be from either gas or groundwater seeps. No
definitive conclusions can be made from the data available for the present study, and
apetrophysical or geochemical study of the study area cold provide further understanding of
the formation of the steps.

Keywords: Multibeam, Sub-bottom Profiler, Stockholm Archipelago, Geomorphology,
Baltic Sea, Gas Seeps, Methane Gas, Fluid Migration, Groundwater, Acoustic Units,
Sediment Profile
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1. Introduction

1.1 Mapping Submarine Glacial Landforms

Mapping of the sea floor can help reveal the traces left behind from the latest glacial retreat.
Marine geologists use acoustic methods such as the multibeam and sub-bottom profiler for
surveying the sea floor. These methods can yield high resolution images of the sea floor and
the sediments below the sea floor. Because of their ability to image both the surface forms and
sediments at depth, acoustic methods are suitable for studying the landforms and sediments in
marine environments in areas affected by glaciations, such as coastal areas of Sweden.

1.2 Study Area

The study area is located close to the island of Askd in the south part of the Stockholm
Archipelago in the Baltic Sea. As seen in the nautical map from the Swedish Maritime
Administration (figure 1) the maximum depth in the area is 43 m and the water is brackish
with a salinity of around 7% (Ostersjdcentrum, 2017).
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Figure (1). The study area is shown in relation to the rest of Sweden and shows the study area in the southern
Stockholm archipelago and north east of the island Askd. The figure combines google earth images and nautical
map from the Swedish Maritime Administration.

The fresh water supply comes upstream from lake Malaren flowing through Himmerfjarden
and out into the Archipelago to the study area. Himmerfjarden consists of 79%
transport/erosional bottoms meaning that more sediments are carried out into the archipelago
than deposited (Jonsson, et al., 2003). The estimated sediment accumulation for water bodies
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such as Askofjarden is about 1000 g/mz per year (Jonsson, et al., 2003). Askofjarden and the
nearby Fifangdjupet are classified by Jonsson, et al. (2003) as areas where the water exchange
is relatively large due to the close exposure to the open sea. This implies that the area contains
erosional bottoms rather that depositional bottoms. Erosional bottoms can occur down to a
depth of 70 m and is driven by underwater currents which are present in the area (Jonsson, et
al., 2003). Ocean currents are driven by wind (Nichols, 2009) and wind can also generate
waves in the Baltic Sea with wave bases as deep as 80 m in some places (Jonsson, et al.,
2003). According to the ice maps of the Swedish Meteorological and Hydrological Institute
(SMHI), the area is ice covered during the winter months which could slow down bottom
erosion processes in the area however.

Previous marine geophysical surveys in the Asko study area by Jakobsson et al. (2016) reveal
landforms resembling terraces on the sea floor which resemble underwater features mentioned
by Soderberg & Flodén (1997) in other areas of the archipelago. These features were
interpreted by Sdderberg & Flodén (1997) and Jakobsson et al. (2016) as being formed by
ground water sapping through the clay layers, undermining the overlying sediments and
eventually causing collapse. Jakobsson et al. (2016) also show in sediment profiles how
deformed layers in the sediments display rising fluid, creating a lens like feature. How fluid
escape causes crater like features on the sea floor can be explained by pressure build-up under
the sediments due to a low permeability seal (O’Regan, et al., 2015). When the pressure
becomes too high the fluids travel upwards through the sediments lowering the porosity. After
fluid escape the sediments become remoulded and can leave behind a crater like feature
(O’Regan, et al., 2015). This phenomenon is not limited to the Baltic Sea, as it has been
encountered on shelf areas worldwide (Post, et al., 2003). A study of submarine valley
formation off the coast of New Jersey has proposed ground water flow as an explanation for
these features (Robb, 1984). Gas seeps also has the potential for changing the sea floor
morphology and as noted by Séderberg & Flodén (1997), this is a common occurrence in the
archipelago. Soderberg & Flodén (1992) investigates the presence of methane gas along
tectonic lineaments in the archipelago. The landform “pockmark”, a crater like the feature
discussed in O’Regan, et al. (2015) found in the archipelago was interpreted to be created by
degassing in the sediments. Gas signatures in geophysical sediment profilers can be seen as a
sudden blurring of data called gas blanking (Jones, et al., 2010). Blanking is generated from
the absorption of the acoustic wave by the gas leaving a high amplitude signal in the sediment
profile (Davis, 1992). Gas can also cause acoustic turbidity which are bubbles of gas in the
sediments leaving a black smear in the sediment profile. The bubbles disperse the incoming
signal so no information can be gathered underneath the gas (Davis, 1992 & Judd & Hovland,
1992).

1.3 Project Goals

The goal of this project is to analyse and interpret the geomorphological features on the sea
floor north of Askd in relation to fluid flow, glacial history and paleoceanography using
acoustic data acquired with marine geophysical mapping methods.

1.4 Geological Background

The bedrock in the Stockholm Archipelago mainly consists of Precambrian crystalline
basement rocks, mostly granites and gneisses (SGU bedrock map and Winterhalter et al.,
1981) as part of the Fennoscandian shield which cover Sweden, Norway, Finland and western
parts of Russia (Lundqvist, et al., 2011). The bedrock was created during the Svecofennian
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orogeny ranging from 1950 Ma to 1750 Ma which was a time of intense volcanism and build-
up

of continental crust (Lundgvist, et al., 2011). The most common types of sediment in the
study area is glacial, and were deposited as the ice sheet retreated. Sediments deposited in
more recent time consisting of clay and silt are called postglacial sediments (Andreén et al.,
2011). According to the SGU 1:100 000 marine geological map the sea floor sediments are
mainly glacial clay but also glacial silt/fine sand with recent sediments deposited on top.
Closer to the islands in the area we can find postglacial sand, fine sand and gravel.

Towards the end of the Weichselian glaciation, the southern parts of Sweden became ice free
around 15500 BP. This marks the start for isostatic rebound for the Svecofennian continental
crust (Lundgvist, 2004) which was rising faster than the ponding of the meltwater which lead
to the forming of the Baltic Ice Lake (Andrén et al., 2011). At 11550 BP, the Baltic Ice Lake,
a fresh water lake draining through narrow passage in Oresund and at Mt. Billingen when the
ponding exceeded isostatic rebound. VVarved sediments (clayey-silt and non-organic) was
deposited in the Baltic from the retreating ice and the rebound was high during this stage
(Bjorck, 2008). An ice advance during the cooling during the Younger Dryas starting at
around 12800 BP closed the Mt. Billingen drainage, damming the ice lake even more (Andrén
et al., 2011). This caused more water to be drained through Oresund, which also experienced
rebound. When the climate warmed at the end of the Younger Dryas at about 11600 BP the
ice margin retreated, causing a sudden drainage of the Baltic Ice Lake at Mt. Billingen
(Bjo6rek, 2008). The result of the drainage was a lowering of the Baltic Ice Lake surface of ca
25 meter in 1-2 years (Jakobsson et al., 2007). The drainage of the Baltic Ice Lake marks the
next sea stage in the development of the Baltic Sea (Andrén et al., 2011).

During the Yoldia Sea stage (11700-10700 BP) the ice retreated faster due to warming during
the beginning of the Holocene (Andrén et al., 2011) and connected the Baltic Ice Lake to the
Kattegat (Lundquvist, et al., 2011) through straits across south central Sweden. During the
Yoldia stage the Baltic Sea water is at sea level and this marks the first time these waters
became brackish, during a short time interval which ended due to ongoing isostatic rebound.
More rebound caused the Yoldia Sea to become closed off again creating the Ancylus Lake
around 10500 BP and when the ice had disappeared the land was still rising. During the
Littorina stage around 8000 BP the sea reached its saline highpoint due to deeper and wider
inlets in Oresund and lowered fresh water supply (Andrén et al., 2011) probably due to
damming in the Ancylus stage causing submerging of previously uplifted areas. The salinity
increase can be seen in the sedimentary record as increase in organic content from a more
diverse and living sea (Bjorck, 2008). The Littorina stage continues to the present.

2. Methods
2.1 Geophysical Methods

High-resolution sub-bottom profilers such as the chirp sonar used for this study generate a
sound wave by passing electricity through a piezo-electric material. This causes the piezo-
electric material to expand and contract and doing so transmits sound. The transmitted sound
wave is later echoed back from the sea floor or internal reflectors in the below sea floor to the
receiver and the two-way travel time (TWT) is recorded. This can be converted to depth using
equation (1):

TWT

d=7v=x

1)



Kim Lundmark - Department of Geological Sciences — Stockholm University, 2017

where v is the sound wave velocity (Jakobsson et al., 2016). Acoustic waves obey the same
natural laws as light passing through different media and therefore we can describe the
behaviour of sound waves using Snell’s Law shown in equation (2):

sin 64 sin 6,

== )

U1 U2

where 01 is the incidence angle, v, is the velocity of the incidence wave, 0, is the refraction
angle and v is the refracted wave velocity (Jakobsson et al., 2016). The wave reflection
coefficient (o) is a measure of the strength of the reflected acoustic wave, and is dependent
on the acoustic impedance contrast of the lithological layers as is described in equation (3):

_ =1y _ Uaxpy—vi¥pg (3)
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where Iy is the acoustic impedance of the first lithological layer, I is the acoustic impedance
of the second layer, v, is the acoustic wave velocity in the first layer, v, is the velocity in the
second layer, p1 and p; is the bulk density in the first and second layer the beam passes
through (Mosher & Simpkin, 1999), see figure (2).
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Figure 2. Image from Jakobsson et al. (2016) showing the principle behind SBPs where the incoming signal is
both reflected from the sea floor and refracted down the sediments. The refracted beam can also be reflected and
refracted as a new sediment layer of different acoustic impedance. The profiles to the right shows the sound
velocity and density difference in the changing media.

The area covered by the sound beam is determined by the footprint (Ds), which is calculated
using equation (4):
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Dy =2+ H = tan (%) (4)

where H is the distance from sound source to the sea floor and a is the beam angle (Jakobsson
et al., 2016). The beam angle is the angle the beam has when leaving the transducer source
and is dependent of the interference pattern generated by the apparatus and is determined by
the frequency of the sound wave and the length of the transducer (Jakobsson et al., 2016). The
beam angle can be calculated using equation (5) below (Jakobsson et al., 2016):

a=% (5)

from the wavelength of the sound wave (1) and the transducer length (&).

The resolution of the data is the minimum distance that two different objects must be
separated to be distinguished in the sonar reading as individual objects vertically or
horizontally. Resolution in all signal processing is determined by the Nyquist Theorem which
states that the minimum sampling density must be twice the frequency of the signal. If the
sampling density is lower than this we will experience aliasing, which is a form of signal
distortion (Jakobsson et al., 2016). In vertical resolution consideration must be taken to water
depth meaning that for shallower waters with depth less than 100 m the frequency should be
higher than 200 kHz with a wavelength shorter than 0.75 cm and for larger depths of more
than 1.5 km the frequency should be between 12 kHz and 50 kHz with a wavelength between
12.5 cm and 3 cm (Jakobsson et al., 2016). This is because the energy of a high frequency
signal is more easily absorbed in the sea water. With a long wavelength (i.e. low frequency),
the beams can reach longer but the resolution will be lower (Jakobsson et al., 2016). The
ability to distinguish the difference between two objects vertically acoustic data is determined
by the Rayleigh criterion which states that two objects must be separated a quarter of the
wavelength as stated by equation (6):

Ry, = Ax (6)

where R, is vertical resolution and A is the wavelength (Jakobsson et al., 2016). The ability to
resolve objects horizontally on the sea floor is also determined by the 1% Fresnel zone since
everything outside this zone will alternate between constructive and destructive interference.
The 1% Fresnel zone radius is determined with equation (7):

Rp = 2 (7)
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Where R is the Fresnel zone radius, H is the water depth and A is the wavelength (Jakobsson
et al., 2016). For the multibeam sonar system used here, the horizontal resolution is for a
signal of 300 kHz and a water depth at ~40m gives a resolution of 31.6 cm whereas the chirp
sonar has a vertical resolution determined by equation (8);

v
vahirp = m (8)

where v is the sound speed velocity in sea water (approximated to 1500 m/s), B is the
bandwidth ranging from 2 kHz to 16 kHz which is 14 kHz, giving a vertical resolution of
about 5 cm.

2.1.1 The Sub-Bottom Profiler

The previous methods mentioned were for measuring the sea floor topography; sub-bottom
profilers (SBP) however are powerful tools of looking down through the sediment layers. The
SBP used is an EdgeTech SB-216S Chirp Sonar. The chirp sonar transmits an FM signal
sweeps a range of frequencies spanning from 2 kHz to 16 kHz which enables the chirp to
generate a sound pulse stronger than ordinary SBPs (Jakobsson et al., 2016). The behaviour of
the transmitted signal obeys the physical laws described in equations (2) and (3) implying that
the beams will either reflect of refract when encountering a geological layer of different
acoustic impedance. The reflection coefficient in equation (3) is determined by the impedance
and sound velocity in the layer which manifests in the produced SBP image (Lurton, 2010).
The chirp sonar also makes use of a so called matched filter (figure 3) that matches a
compressed transmitted FM signal to the received signal which allows a collapse of the signal
leaving an amplified signal to generate higher penetration and resolution (Schock et al.,
1989).

Chirp outgoing pulse
1.5-7.5 kHz sweep

Match-filter result

e s e

0 200 400 600 800 1000 1200 1400

Time (ms) Time {us)

Figure (3). Showing the matched filter cleaning the outgoing Chirp pulse when returned to the receiver, figure
from Mosher & Simpkin, (1999). Notice the shorter wavelength and lower amplitude.
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2.1.2 The Multibeam Echosounder

The multibeam echosunder used is a KM EM2040 with available frequencies of 200, 300 and
400 kHz and a footprint of 1°x1°. The multibeam echosounder system is several transducers
that is mounted along the ship, transmitting a fan shaped beam or a swath beam sweeping the
sea floor. The receiver hydrophones are rotated 90° to the transmitted beams in a Mills Cross
configuration, i.e. mounted across the ship, covering square footprints over the transmitted
area, see figure (4). This generates data of a detailed sea floor topography image (Jones, 1999
& Jakobsson et al., 2016).

Figure 4. The MBES with the Mills Cross configuration from Jakobsson et al. (2016) where the beam angle ()
is determining the swath of transmitted footprint as well as the multiple beams indicated with yellow colour in
the footprint.

For a multibeam survey a sound velocity profile (SVP) must be constructed to calculate the
different velocities in the water column for accurate imaging. This can be determined either
with measuring the sound speed directly or with using a conductivity, temperature and depth
(CTD) probe and using the data with the Mackenzie Equation, seen in equation (8), at each
CTD measure (Jakobsson et al., 2016):

v = 1448.96 + 4.591 * T — (5.304 * 1072) * T? + (2.374 * 10™*) * T3 + 1.340 * (S — 35) + (1.630 *
1072) * D + (1.675 + 1077)D? — (1.025 * 1072) * T = (S — 35) — (7.139 %« 10~ 3) « T« D* (8)

where v is the sound speed velocity, S is salinity, T temperature and D is depth. These sound
velocities can be calculated with a harmonic mean value for the sound speed which accounts
for the time that the sound pulse will spend in the different layers in the water column
(Jakobsson et al., 2016). Further corrections during acquisition are made for the vessel’s
heave, pitch, roll and yaw during acquisition since it can change the geometry of transmitted
and received beams (Jakobsson et al., 2016).
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2.2 Data Acquisition and Processing

The multibeam data was gathered during September 2™ to the 3" 2012 and August 31% to the
1* of September 2013 with research vessel (RV) Skidbladner which is an Arronet 20-5 cs
(5,6x2,4m) aluminium boat with a weight around 2 ton fully equipped. The multibeam is a
Kongsberg EM2040 (200-400 kHz 1°x1°) mounted on the bow of Skidbladner.

Multibeam data was imported into QPS Qimera for processing. The data was compiled into a
3D environment mirroring the survey from the study area using the same spatial information
for displaying the data set. In Qimera superfluous data that was not part of the survey area
was deleted. The data was using a SVP built from data gathered on the day of the survey.
Once the data was displayed as a surface as seen in figure (5a) the data was imported to QPS
Fledermaus for analysis. The multibeam data used for investigating the water column was
imported into FMMidwater for analysis. First the datafiles must be converted to general water
column (GWC) file from the “wcd” files while using the original “all” files for its
navigational reference information. If a feature in the water column profile is found using
FMMidwater the chosen profile can be imported into Fledermaus for further analysis as a
scene file.

The goal is then to import the water column data into Fledermaus for analysis. The
FMMidwater can use a fan view or a beam view for manual search through the water column,
see figure (5a-b). There is an option to manually go through all the profiles and single out
every feature manually but to save time, the feature detection tool was used instead. The
feature detection tool in FMMidwater was used on the chosen multibeam track and the tool
extracts features not interpreted as water by the algorithm.

o Faus

Figure (5) to illustrate how features can be found in FMMidwater in fan view a) and beam view b). The feature
detection tool will extract features (green/yellow) not interpreted as water (blue).

Sub-bottom profile data was collected with RV Aurelia on the 9" of April 2013. The RV
Aurelia is a 17 m long with a weight of 44 ton and can reach a max speed of 9.5 knots.
Analysing sub-bottom profile images was done in the open source software OpendTect
V6.0.1 at Stockholm University. The original survey SEG-Y files were processed beforehand
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and ready for analysis. OpendTect allows the SBPs to be shown in a 3D environment
mirroring the study site as seen in figure (6).

Hillsfjarden

Figure (6). Left a) shows the processed multibeam data in QPS fledermaus. The yellow lines show the RV
surveying tracks and the difference in colour along the tracks marks depth differences. Also projected is the
nautical map for reference. Right b) OpendTect workspace with the green lines representing the SPBs and
projected is a 3D environment of the study area.

3. Results

The results are from two interesting sections in the study area with visible step like features in
the SBP data analysed in OpendTect. These two areas can be seen on the multibeam map of
the study area in figure (7). There is a similarity between the two areas which is that they both
lie in a slope where water depth goes from about 14 m to 16,5 m. The SPB data is used as a
foundation in which multibeam water column data was analysed in FMMidwater and
combined with the multibeam data in Fledermaus.

12
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Figure (7). The white boxes represent sub-area 1, sub-area 2 and sub-area 3 respectively. The sub-areas were
chosen based on step signatures in the SBP profiles. The track lines are in white and the SBPs in the area are also
marked with a P for profile and numbered as they appear in the results section.

3.1 Sub bottom profiling
3.1.1 Sub-Area 1

SBP data in sub-area 1 was of good quality and 4 profiles were chosen for the project in sub-
area 1. The SBPs in sub-area 1 reveal 6 different lithological units described in table (1). The
SBPs can be seen in their original state in appendix (111). The profile in figure (11) is used as a
cross cut between profiles in figure (9) and (10). Going from south-west to the north-east.
Whereas the other profiles go from north-west to south-east.

13
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Acoustic Units Sub-Area 1

Unit

SBP Example

Description

Strong reflector at sea
floor but no internal
reflectors visible in this 1
m thick layer.

Low intensity reflectors
alternations between
stronger and weaker is
visible. The layers vary in
thickness from 1 m to
around 1,5 m.

Varying intensity in
reflectors varying from
strong and weak in
reflection. This unit is
around 4 m thick.

T
ullllﬁj.“ -

JML if"-"

Lrw
=i

A 1 m layer with more
closely packed weak
reflectors layering.

Sm

3 m of weak reflectors
making it hard to
distinguish the
alternations.

VI

o

Sm

No further transmitting of
beam beyond this point
marking an acoustic
basement.

Table (1). Interpretation of acoustic units in sub-area 1 for SBP data.

As seen in the following figures there are many signs of fluids in the sediments. Steps are
present in all the profiles because of the scope of the project focuses on those features.
Acrtefacts are present in the form of multiples which are multiple echoes of the strongest

reflector which has been reflected one or more additional times between the water surface and
the seafloor before being detected (Jakobsson, et al., 2016), as seen in figure (8). In figure (8),

14
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(9) and (11) a bowl like feature fan be seen, resembling two steps facing each other. In figure
(8) and (9) a small outcrop of the acoustic basement material can be seen.

QB ey e e e e e e e e e e

m ol

Bedrock O utcrop

Ste?prowl%

24

Multiple

| | S e
Figure (8). Profile 20130904 125107 (P1). Here several deformation columns in the sediment layer underneath

step and bowl like features are present. Also, small outcrops of bedrock can be seen.

The steps are found in acoustic units I to 11 and halts at I11. Steps vary in sharpness from a
slope of about 90° and as slant as about 45° in some places. As seen in the profiles some steps
face each other forming a bowl like feature in which the steps do not seem to be the same
height. Convex deformation looking like lenses bulging upwards through the columns and are
present in all the profiles. Deformed sediment layers seem to follow the bottom topography.
In figure (8) the acoustic basement reflector shape is reflected by the layers above forming a
drape. Also in figure (8) however there are blanked sediments and deformed layers above.

Depth(m) [N SE
——
24
i l ".'__I.- o
Turbidity
(i
3 iy i
; ~ 300m

Figure (9). Profile 20130904 114640 (P2) shows steps along with two steps facing each other forming a bowl
like feature along acoustic unit 111. Acoustic turbidity in sediments can be seen in the deep parts to the south-east
as well as in the sediments at shallower depths. A bulging feature appears to be blanking out the sediments.

15



Kim Lundmark - Department of Geological Sciences — Stockholm University, 2017

Depth(m)

SE

til‘nllsiiose

M“]ﬂplbl'\' o 1 : ; |
™

e

LR
Monyet

- Tul;l'fﬁﬂl

200m

Figure (10). Profile 20130904 092941 (P3) shows distinct steps with possible turbidity underneath. The tallest
step faces a step of shorter height and a steeper slope which could be a bowl feature. A part of the sediments
seems to de slumped downwards and accompanied by blanking and turbidity to the south-east.

Blanking

Figure (11). Profile 18311424 (P4) which is a profile that intersects the other profiles the thick line with a cross

to the SW denotes where the profile in figure (9) intersects and the line to the north-east donates where figure

(10) intersects.
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3.1.2 Sub-Area 2

One SBP in the area was taken and it is taken at shallower water depths. The profile is blurry
which makes features harder to find. The acoustic units found in this area can be seen in table
(2) and at least three units can be seen. The first one layer is transparent with no internal
reflectors. We also have layers of multiple low to high intensity reflectors as well as other

layers with lower intensity reflectors.

Acoustic Units Sub-area 2

Unit

SBP Example

Description

Sm

No internal reflectors visible
in this layer. The unit is
around 3 m thick in this area.

Sm

Varying intensity in
reflectors varying from
strong and weak in reflection.
This unit is around 3 m thick.

R Ty e
s Ry e

No further reflectors after
this layer. Marking this as an
acoustic basement.

Table (2). The acoustic units present in profile 20130904 _090928. The blurry quality of the profiles makes it

difficult to see some of the units in the profile.

One step like feature is detected underneath sedimentary layers of intense blanking for 100 m
which complicates in which acoustic unit the step belongs in. It is almost impossible to
distinguish the reflectors in this stage as the blanking stretches out into deeper waters, see
figure (12). A multiple of the sea floor reflector can be seen after the acoustic basement
reflector. Also, seen in figure (12) are deformation of sediments forming lens like structures.
The lenses are bulging convexly towards the sea floor reflector and some of them are almost
entirely blanked out so that no internal reflectors can be seen. One step is visible on the
sediment surface below the blanked sediments.
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Figure (12). Profile 20130904_090928 (P5) which blanking is seen at the acoustic basement to the south-west.
Blanking is also present in the sediment column which is deformed underneath the step feature.

3.1.3 Sub-Area 3

The SBP data is of good quality, meaning that acoustic reflections are clearly defined and not
noisy and the distinction between water column, sediments and bedrock/till is quite clear. This
enables the SBP data to be divided into 7 lithological units from three different profiles.
Bedrock can be seen in the form of outcrops and can be traced to the sea floor indicating an
acoustic basement. The contact between sediments and the acoustic basement can be a strong
or weak reflector making it hard to see it in some cases. In some parts of the profiles there is
no internal acoustic reflectors making the unit acoustically transparent. These sediment
layers’ range in thickness from 0.5 m to 1 m which was calculated from TWT using equation
(1). Deeper into the sediments many internal reflectors can be encountered in varying
thickness making the sediments appear laminated. In some profiles the reflectors are more
prominent generating sharp contrasts and on other parts the reflectors are so weak they can
hardly be seen. A collection of the acoustic units is presented in table (3).
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Acoustic Units Sub-area 3

Unit

SBP Example

Description

No internal reflectors
visible in this layer.
The unit is around 2 m
thick in this area.

Low intensity
reflectors alternations
between stronger and
weaker is visible. The
layers vary in
thickness from 1 m to
around 2 m.

Varying intensity in
reflectors varying from
strong and weak in
reflection. This unit is
around 3 m thick.

Weaker in reflection
and varies in intensity
for around 2 m.

A layer about 2 m of
stronger reflectors
alternating from weak
to strong.

Vi

Weak reflectors in the
layer ranging to
thicknesses around 6
mto 7 m.

Vil

At this limit the signal
cannot be carried
further marking this an
acoustic basement.

Table (3). Interpretation of the acoustic units present in sub-area 3.
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Multiple step like erosional features can be seen in Askofjarden as seen in figures (13), (14)
and (15). In figure (13) the steps are present in or above acoustic unit I11. In figures (14) and
(15) it is harder to see because of the blanking. The steps vary in height with the tallest being
about 1.5 m. Deformation of the underlying sediments in the form of lenses towards the sea
floor can be seen in figure (13). The sediments drape the acoustic basement in some cases
however, see figure (14) for example. Additional erosional features can be seen where the
continuous strong reflectors appear scraped away which is consistent with erosional bottoms,
see figure (13) for example. Blanking is seen in both figure (14) and (15). This blanking is the
sudden blurring of otherwise visible reflectors and to the north-west in figure (14).
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Figure (13). Analysis of profile 20130904 _084807 (P6) shows outcropping bedrock as well as deformed layers
that has also been seen in Jakobsson, et al. (2016), step like features that has a ~45° slant. The artefact known as
multiple is present in the profile as a reflection downward. Acoustic turbidity can be seen in the far south east of
the figure.
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Figure (14). Profile 20130904_105339 (P7) shows distinct steps. Also seen is a multiple coming from the sea
floor reflector. Fluid escape into the water column is possibly seen in the layers to the north-west.
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Figure (15). Profile 29051049 (P8) reveals a step feature above sediments with fluid escape and some deformed
layers. There is also blanking present in the profile.
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3.2 Multibeam and Water Column Data
3.2.1 Sub-Area l

Data from the multibeam processing gives a clear image of the seafloor morphology in
Askofjarden. The data shows distinct creasing shaped steps to the west also covered by the
SBP data. The steps however are about 1 m in height and has relatively gentle slope of about
45° to about 20° and goes from about 13 m down to 17 m depth, see figure (16).
Corresponding three steps can be seen in the SBP data in figure (8) and the line drawn in
figure (16a) show the similarity of the profiles.

a ] w15 2 15 XM 3/ & 4 N 55 & BB V0 TR M 8B W W WM W M

Figure (16). An overhead view in a) showing steps around the island Skaren. A stretch of sea floor 100 m long
with three step features at a depth around 13 m to 16,5 m shown in b). These steps can be seen in the SBP figure
(8) where we clearly can see the three steps running down.

To the north east are egg (elliptically) shaped features. These features are clustered together at
roughly 18 m depth. They are about 10 m along the short axis and about 60 m along the long
axis and the largest one is about 1 m deep, see figure (17).
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Figure (17). Overhead view of 22 elliptical egg shaped features on the sea floor at depths of about 17 m to 18 m.
b) shows a cross section of the short axis while ¢) shows the long axis cross section. The cross sections both
reveal that the north-west end is about 1 m high and the south-east end is about 0.5 m high.

The water column data representing the area is seen in table (4).

SBP Profile Multibeam tracks
0087_20130831_153123
20130904 114640 0088 20130831 155336
20130904 092941 0089 20130831 162240
20130904 125107 0090 20130831 164910
18311424 0091 20130831 171231

Table (4). SBPs with their corresponding multibeam tracks. The multibeam tracks can be seen in the Map as
taken from the north most squared area in figure (6).

The result of water column data re-projected into Fledermaus is shown in figure (18). While
no features of note were seen across the steps in figure (16) the data over the egg-shaped
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features do show a few elongated features originating from the sea floor features and
stretching to the sea surface, see figure (18).

24.00

22.00

20,00

18.00

16.00 =

Figure (18). Fledermaus view of features originating from the sea floor near the egg-shaped features. The arrows
added picks out a handful of visible features.

3.2.2 Sub-Area 2

The multibeam of sub-area 2 show multiple crescent shaped features south of the small island
Skaren and the features lie from about 9 m to 13 m depth and facing north-west and south-
eastly direction. Most of them are at a 70° slope facing south-east, see figure (19) and (20).
The blanked-out areas such as the Skaren Island parts are land mass or too shallow areas for
the research vessels to survey.
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Figure (19). Multiple crescent shapes can be seen south of Skéren in the white box. These are relatively shallow
compared to the shapes seen in sub-area 1. The unmapped areas are the Skaren Island and bedrock outcrop
which are out of reach for the RVs.
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Figure (20). Crescent features in a) and the corresponding profile in b) shows that the step is 1 m high and has a
relatively steep slope of about 70°.
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For the water column table (5) show the corresponding SBP in the area along with the
multibeam tracks. A total of five multibeam tracks were used in FMMidwater and processed
with the feature detection tool. The water column data does reveal features coming from the
crescent steps at about 13 m depth and rising towards the surface, see figure (21).

SBP Profile Multibeam tracks Map

0058_20130831_112420
0059_20130831_114504
20130904_090928 0063_20130831_121917
0064_20130831_124121
0065_20130831_130254

Table (5). The map shows sub-area 2 with which SBPs are used. Multibeam track lines in white which is also
where the water column data is represented.

28400
26.00
24.00
22.00

- 20.00

18.00

Figure (21). Seep rising from the edge of a crescent step as seen in the water column data in Fledermaus.

3.2.3 Sub-Area 3

The multibeam survey in sub-area 3 reveal two pairs of steps almost parallel to each other.
Separated by an outcrop they are both approximately 100 m long from step to step, figure
(22). They appear at about 14 m depth and both ending with a new step at about 15.5 m depth.
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Figure (22). Shows four distinct steps in the multibeam data in a). b) shows the step furthest to the north and c) is
closes to the camera. Both steps are ~1 m high and there is ~100 m between the steps in both b) and c).
Difference in steepness though since the lowest step in b) has a slope of ~45° and c) has ~70° slope.

A total number of five multibeam profiles were used in the FMMidwater software for sub-
area 3 see table (6). As in previous sub-areas the tracks were chosen near the SBPs taken in
the sub-area.

SBP Profile Multibeam tracks
0035 20120902 111518
20130904 084807 0036 20120902 113724
20130904 105339 0037_20120902_115940
29051049 0026 20120902 085613
0028 20120902 094655

Table (6). The map shows sub-area 3 with which SBPs are used. Multibeam track lines in white which is also
where the water column data is represented.
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The water column data did show some features in the column rising towards the surface but
only at one at each step which in both cases were the shallower one. In figure (23) the features
can be seen.

18.00

~16.00"

Figure (23) Multibeam surface with water column data above the steps. The water column data in both a) and b)
show features in the water column.

4. Interpretation and Discussion
4.1 Interpretation of Geophysical Data Sub-Area 1

The lithological unit | does not seem to be laminated whereas units 11-VI show an alternation
between strong and weak reflections. This is likely the varved glacial clay described in
Andrén et al. (2011), although the acoustic lamination is not reflecting the individual varves
due to the limited vertical resolution, and the unit I being postglacial unlaminated clay. Steps
and bowls in the area seem to be found in units | and I, the top sediments so perhaps the
sediments here are less compacked. In :

figure (9) the steps seem to follow unit 11— ——

111 closely but not cutting trough. This e ———Y
could indicate that units I11 and below _ —

are less porous and harder to erode. Gas —_— =
blanking is widely prominent in all units e —

and. in the d_eep areas postglacial — T—J-}: 7,
sediment with gas seems to be W T— | | —
r flow

accumulating (figure 9). Figure (16) and  Greun

(17) show the crescent shaped steps and

egg shaped bowls seem to be clustered at a  Figure 24. Conceptual model of step formation from

water depth of about 12 m and 18 m in the Jakobsson, et al. (2012). This shows laterally flowing
groundwater causing undermining (1) with subsequent

sub-area_ 1. The_steps alscz seem to be close =, apse (1).

to land like the island Skaren. They look
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similar but as stated in the results section the slope of the steps to the north-east there are egg
shaped bowls seem to be clustered at a water depth of about 12 m and 18 m in the sub-area 1.
The steps also seem to be close to land like the island Skaren. They look similar but as stated
in the results section the slope of the steps to the north-east there are egg shaped rather than
crescent shaped. The egg shapes are found in deeper waters at around 18 m and look like the
“Sundsbadarna pockmarks” described by Soderberg & Flodén (1997). The steps found in
shallower waters closely resemble the steps in Jakobsson, et al. (2016) where the explanation
behind the steps were undermining of the overlying sediments resulting in collapse, see
explenation model in figure (24).

The deformation lenses that are originating from the acoustic basement and could be an
indicator of seepage but looking at some of the cases the sediments are mirroring the acoustic
basement topography (draping) instead. Some of the deformations cannot be explained with
draping and they are also diffuse. Research from Ergiin et al. (2002) and Canet, et al. (2010)
explains similar deformation columns as escaping gas in the sediments causing the
deformation and blanking. Here however not all the lens columns are blanked out but rather
diffuse, making gas blanking less likely to cause the blurriness.

Through the water column data over the elliptically-shaped features we can see seeps
originating from the features. The seeps are visible due to a strong impedance difference
between the water and the features
(Schneider von Deimling, et al., 2007).
The features are therefore interpreted
as gas, which is supported by the chirp
sonar profiles since gas blanking and
turbidity can be seen in the sea floor.
The bowls can be interpreted as
pockmarks when combining the SBP
and multibeam data. These
observations further enable the
interpretation that the pockmarks in
sub-area 1 are created from gas
release. The generation of the
pockmarks could be like the
description in O’Regan, et al. (2015).
Perhaps the crescent shaped steps were

once like the pockmarks but has partly Figure 25. Example how a big pockmark could have been a
been eroded away. Jonsson et al. precursor to the crescent shaped steps before erosion.

(2003) stated that the seafloor in this

area is more prone to erosion because of currents and isostatic rebound. So a prolonged
erosional process could have created crescent steps, see figure (24). The steps could have
been at the depths in of the pockmarks but perhaps longer isostatic rebound brought the
pockmarks higher up the water column making them more exposed to erosion such as wind
and wave erosion. If we have sea floor rise due to isostatic rebound then perhaps this could
contribute to pockmark collapse forming steps. This could explain the more gentle slope in
some of the steps. The materials here would collect downslope causing the 45° steps seen. As
mentioned, the chirp sonar profiles shows signs of gas in the sediment column. In figure (10)
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there appears to be a discontinuity in the sediment layer acocompanied by gas blanking. The
blanking seems to strech from deep down the sediments. This could be caused by a violent
release of gas that has built up from bedrock seeps being trapped under a less permeable layer
of sediment (units H1-V1I).

4.2 Interpretation of Geophysical Data Sub-Area 2

The crescent like features around the Island Skaren are gathered around the south of the
island. Using the SBP from the area it does have the step feature that were found in Séderberg
& Flodén (1997) and Jakobsson, et al. (2016). The one SBP in the area (figure 14) show
extensive blurring underneath which could be gas blanking. The blanking also occurs close to
the acoustic basement further south-west in the profile. This could indicate that whatever is
causing the blanking is emerging from the basement. Deformation of the layers can just about
be seen due to the blanking and seem to correlate with the blanking. Draping is not the
interpreted cause here since the layers further south-west does not exhibit draping even with
changing bottom topography. There is no chirp sonar profile that shows the subsurface
beneath the water column seeps seen in figure (21) unfortunetly. However, hydroacoustic
studies from Canet et al. (2010), Greinert, et al. (2010) and Jones, et al. (2010) interprete
similar seeps as methane gas escape. The intense blanking under the sea floor at the SBP is
roughtly 150 m away leading to the possible interpretation that this is a gas seep. Water is a
possibility though, the water could recharge at Skaren and be transported from the land under
the water via less permeable layers like the strong reflector in figure (25) below.
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Figure (26). Profile 20130904 090928 particularly strong reflectors traced along the sea floor which starting
from acoustic basement.

The strong reflectors traced through the sediments seems to stop around the step. The seep
captured in this study (figure 21) shows that seeps are happening today and it is not a ceased
activity.

4.3 Interpretation of Geophysical Data Sub-Area 3

The steps here have the same characteristics as described in Sderberg & Flodén (1997) and
Jakobsson, et al. (2016). The sediment profiler revelal convexly deformed lens like layers
underneath and in close proximity to the steps, and tracking the deformation downwards leads
to the acoustic basement as seen in figure (12). Looking at figure (12) the deformation cause
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could be originating from the basement and could be interpreted as gas or other fluid traveling
up the sediments in the fashion described by O’Regan, et al. (2015). In some areas though, the
sediment layers could be the result from sediment follwing the seafloor topography forming a
drape. This does not seem like the case in all of the deformation lenses, but in figure (13)
there is prominent draping, whereas there’s less prominent draping in figure (12). Changes in
the topography there does not seem to contribute to the lens formation. It is not clear if the
process is ongoing or if the steps are remnants of old fluid erosional processes. There is little
signs of gas blanking and turbidity in figure (12) making a liquid fluid a more likely
candidate. In figure (12) the deformation seems to halt at a certain layer and maybe the fluid
could have traveled laterally hitting a more permeable layer and then escaping, creating
collapse in the process.

Depthirm) ' hihs ol | SE
sep §

Figure (27). Showing profile 20130904 _084807. The deformation of sediments to the left seems to stop at the
red layer that seems to be less permeable that the other layers. The red lines marks where fluids could have
travelled first vertically and then laterally through some layer and finally beeing able the escape through units (I
or I1). The eroded sediments makes tracking the sediment difficult.

In figure (27) is an interpretation of figure (13) attempting to show possible fluid paths in the
sediments. As seen in the figure the steps form after the glacial layers and are formed under or
in the post glacial clay. The difference here from figure (25) is that this figure demonstrates a
formation process suggested in Jakobsson, et al. (2016). The deformation seems to have
stopped at a less permeable layer and could have diverted the fluid laterally. However, the
strong reflector at the sea floor makes it difficult to see any other layers close to the sea floor.
The multibeam and water column combination is shown to complement the interpreted SBP
profile from figure (13) where we can see some features in the water around the steps. This
can be small seeps of fluid that rises towards the surface before being mixed into the seawater.
The chirp sonar profile (figure 14) show diffuse features in the waters above the steps but the
strong reflector at the sea floor makes it difficult to see if the feature could originate from the
seafloor.

4.2 Formation
4.2.1 Groundwater Escape

The landforms described in Séderberg & Flodén (1997) and Jakobsson, et al. (2016) closely
resemble the landforms found in this study. The sediments mentioned by Jakobsson, et al.
(2016) look like the lens columns in figure (13) and has been attributed to escaping
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groundwater. Comparing these with the gas blanked sediments in Ergiin et al. (2002) the ones
in figure (13) are very visible wheras the columns in Ergun et al. (2002) are entirely blanked
out. If it is indeed groundwater, some possible explanations for seeps are presented below.

An explanation model behind the features could be as described by (Post, et al., 2003). During
glacial periods the exposed shelf is flooded with fresh glacial water and meteoric water which
is recharged into the shelf sediments, pushing the saline water out into the sea. During
interglacial periods the pressure from the surrounding ocean with rising sea level pushes the
saline waters inwards and stops the expansion of fresh waters. The water is preserved in the
shelf sediments if it has passed a less permeable layer which allows for storage. This
explanation applied to the study area water from the melting ice sheet during the beginning of
Yoldia sea stage or during the Ancylus Lake stage could permit fresh water recharge into the
sediments.

The area was losing ice after the time of drainage of the Baltic Ice Lake BP (Andrén et al.,
2011). The sea level record by Berglund (2012) and records and model results from Lambeck,
et al. (1998) show that the study area has area has not been subareally exposed for about
10000 years, i.e. since the the Ancylus sea stage. As the passage to Kattegat opened through
Oresund and Great Belt during the Littorina Sea stage the salinity increased (Andrén et al.,
2011) and the more saline waters pushing on the fresh pore waters which could cause the
fresh water to rise from the sediments.

In the areas where the steps are some distance from the deformed layers as in figure (11) and
(13) the water an explanation model could be that the fluids travel laterally until reaching a
more permeable sediment layer to escape from, as described in (Church, 1996). This could be
the case in sub-area 1 and 2 since many steps appear around the Island Skaren. Water could
recharge at Skaren and travel outwards until encountering a more permeable layer allowing
for escape as explained in figure (26). From SGU terrestrial soil maps (appendix I), most of
the landmass is bare bedrock with sparse areas of glacial clay, sand and sandy moraine
Recharge of groundwater in the area could be through cracks in the bedrock. The hydraulic
conductivity would be on the order of 10 m/day (if the bedrock is fractured) to 10" m/day (if
unfractured) (Heath, 1987). The bedrock conductivity could mean that a large volume of
water would flow out into the sea from land, which could have ramifications if the water
carries terrestrial nutrients.

The geological bedrock map from SGU (see appendix I) show one deformation zone in the
study area. There is a synform cutting diagonally from north-west to south east in parallel
with the deformation, which can also be seen in figure (6a) as the deepest parts of the study
area (purple colour coding). A possibility could be that cracks in the crystalline bedrock under
the marine sediments enables ground water seeps out through the sediments.

4.2.2 Gas Seepage

A possible explanation to the features is the seepage of methane gas. Methane emerging from
the sea floor is not uncommon in the Baltic. Sub-bottom profiles from studies in other oceans
(e.g. Gay et al. 2007, Vardar & Alpar (2016)) show that pockmarks are present around gas
seeps. They also resemble the step features in this study (because a step feature could be
described a pockmark with one side missing). Surveys by Sdderberg & Floden (1992) in the
Stockholm archipelago investigating pockmarks has revealed seepage of thermogenic gas
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from near tectonic lineaments. The gas travel upwards through glacial and postglacial
sediment through permeable layers. The origin of the gas could come from inside the earth
(abiogenic gas), decayed material deep inside the sediment (biogenic gas) or possibly gas that
travels in the groundwater Soderberg & Flodén (1992). However, it should be noted that no
gas signatures were detected in the chemical analysis of the clays that was collected near the
pockmarks in the study by Soderberg & Flodén (1997). Another explanation for gas seep is
offered in Soderberg & Flodén (1992), who suggest that the gas is released from
crystallization processes in the crust or groundwater flow through the bedrock that carries gas
in the water. Looking the SGU bedrock map we can see the bedrock has been faulted and
fractured and therefore can enable the formation of gas seepage as described in S6derberg &
Flodén (1992). The features in the study area could be explained by gas seepage if methane
signals are found in the sediments. Signs of gas were prominent in the form of blanking and
acoustic turbulence. The sediments furthest down the sediment column (sedimentary units I11-
VII) in this part of the Baltic Sea are from the Baltic Ice Lake stage and contain low amounts
of organic materials, according to Andrén et al. (2011). The gas could be originating from the
bedrock if not from the lower sediment units.

As mentioned, the features in sub-area 1 could be eroded pockmarks, figure (20). Because
there are no geochemical data this cannot be conclusively determined and the formation via
ground water seeps an also not be concluded. However, similar deformed columns of diffuse
reflectors have been seen in studies by Ergtin et al. (2002) and Canet, et al. (2010) who has
concluded that the columns are formed by escaping gas. The features left behind after
escaping gas show step and bowl! shaped pockmarks. Sub-area 2 show two long columns in
the water column at one of the steps which could be escaping gas as the sediments below
show gas blanking and diffuse columns. Sub-area 3 shows minor seeps from the sea floor
with SBPs showing gas blanking in all the profiles except the one in figure (13). The more
diffuse columns might be columns with more gas concentration whereas the columns with
less diffuse layers could contain less gas. The formation process in Jakobsson et al. (2016)
could still be aplicable if the gas encounters a less permiable sediment layer making it travel
laterally. This could possibly cause porosity loss due to gas bubbles. and subsequent collaps
of overhangning sediments.

4.3 Implications for Ground Water Formation

The difference in formation process can have environmental consequences. If the assumption
is made that the steps are formed from groundwater seepage, and the process is ongoing
today, it could be a factor worsening the eutrophication problem. The eutrophication problem
in the Baltic is caused by overall low oxygen concentration and excess nutrients delivered by
overland water flow (Andersen, et al., 2010). But ground water might be an underestimated
source of nutrients. As groundwater seeps into the brackish waters of the archipelago and
since groundwater movement is determined by topography it can be concluded that the closest
recharge of groundwater takes place on the islands or coastal areas. On land, precipitation in
areas of farming and industry could carry nutrients and pollutants into the ocean. The lack of
oxygenin the Baltic Sea is caused by the narrow straits connecting the Baltic Sea to the North
Sea limiting the renewal by oxygen-rich Atlantic sea water.

Terrestrial nutrient sources can come from fertilizing of farmland, human hygiene and
industry. With the nutrient transport to the sea it allows for increased phytoplankton
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productivity. When the plankton die, the biomass accumulates on the sea floor, and the
process of decomposing the biomass requires oxygen. At some point the oxygen levels are
depleted leaving behind dead bottoms leading to loss of fauna (Pawlak, Laamanen, &
Andersen, 2009). The reports by Pawlak, et al. (2009) and Andersen, et al. (2010) makes no
mention of groundwater as a pollutant source. The eutrophication potential of groundwater
seeps in marine environments needs to be much better understood, and should be a focus of
future research.

4.4 Future Research

If the assumption is made that the step features are created by ground water seepage, then if
the water comes from neighbouring land sources with agricultural activity. The eutrophication
problem in the Baltic could therefore have a previously overseen source. To determine the
origin of the steps found in this study the following is suggested for future research.
Geochemical tracer studies looking at e.g. hydrogen, oxygen, radon have been a proven
method for tracking the origins of groundwater seeps in marine environments (Kiro, et al,
2015 & Zhang & Satake, 2003). The gas seepage question can also be investigated using
carbon isotope fractioning as done by Stéderberg & Flodén (1992).

The geophysical methods used to look in to the sediments works for soft sediments the
acoustic methods here might not be sufficient when investigating the bedrock. As mentioned
gas can seep through cracks in the bedrock and these cracks cannot be fully realised with the
methods used in the study. To map the bedrock high frequency seismic methods should be
used. The use of airguns can generate a frequency between 50-100 kHz and can be used for a
bedrock profile in search for tectonic lineaments (Jones, 1999). New surveys with the same
equipment used in this study could show if there are any changes in bottom topography since
the last survey. If there are no differences then maybe the erosional process behind the step
features down or stopped entirely. New surveys could cover the areas with no multibeam data
which would complement the SBP data which was analysed in this project.

Petrophysical well logging or core logging could provide further understanding of the study
area. With a resistivity log a distinction between salt water and sea water could be possible
since fresh water has higher resistivity than salt water (Rider & Kennedy, 2011). A porosity
log could reveal a loss of porosity which allows for fluid migration since porosity should
decrease with depth as sediments compact (Rider & Kennedy, 2011). An acoustic log could
spot the differences in salt water and fresh water velocities also this kind of log can also be
used with porosity logs to correlate the two properties. The resulting plot can be used to find
areas where porosity and p-wave velocity drops (Rider & Kennedy, 2011). The precense of
gas can also be seen in well logging when plotting neutron porosity and bulk density a
seperation apperars as an increase in porosity and loss in bulk denisty (Rider & Kennedy,
2011).
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5. Conclusion

The goal of this project was to interpret and analyse step-like sea floor features of
Askofjarden, by processing and interpreting existing marine geophysical data. Based on
interpretation of multibeam bathymetry, chirp sonar profiles and multibeam water column
data, the following conclusions can be made.

Several step-like features in the form of crescents and oval depressions were found in
acoustic units I and Il of post glacial clay with one exception where the steps seem to
be in unit 111 (glacial clay). The water column data reveal what could be fluid seeps
above both features and the sediment layers beneath the features show fluids
migrating. Signatures of gas are present in the form of gas blanking and acoustic
turbidity. There are signs of other fluids present that does not show gas signatures.

A possible formation mechanism is fluid flowing laterally either originating from land
or in deeper sediment layers causing undermining of overlying sediments. But the
composition of the fluid is not the same in all the cases when looking at acoustic
signatures. Previous studies have attributed groundwater as the fluid with these
signatures.

The oval pockmarks closely resemble the steps. The sediments under the pockmarks
show gas blanking and seeps can be seen in the water column, therefore the
pockmarks are probably from gas seeps. The steps look like a pockmark cut in half
and the pockmarks could be preludes to the steps and is formed from erosional
processes in Askofjéarden.

Deformed lenses of sediment resembling a column are faded or blanked which could
point to fluid traveling vertically. But this could be the sediments following the
bottom topography which is draping rather than layers deformed by fluids pushing
upwards.

The formation of the steps found in Askofjarden cannot be determined from acoustic
measurements alone. The fluid migrating the sea floor could be both gas and
groundwater.

The eutrophication of The Baltic Sea is a problem and if the steps are made from
groundwater seeps this could be an overseen source of nutrients. If the groundwater
seeps from the sediments has a terrestrial source nutrients from farming or industry
could find its way into the Baltic and further enable eutrophication.
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Appendix (1) SGU Maps
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Appendix (I1) Static Surface of Study Area
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Appendix (111) Original SBPs
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