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Abstract

The flow of groundwater from terrestrial aquifers to the oceans through sediment or bedrock, known as
submarine groundwater discharge (SGD), can be an important source of pollutants and nutrients to the
oceans. In the archipelago south of Stockholm, terraces in the seabed have been suggested to potentially
result from erosion by water transported through silty layers in the varved glacial clay discharging at the
seafloor as SGD. If the terraces are the result of SGD, mapping these features could help identify where
groundwater drains to the Baltic Sea. In this project, geophysical and geotechnical methods have been
used to investigate the subsurface geometry and physical properties of terraces located off the coast of
Fifang island, to investigate the possibility of sediment erosion by groundwater using Darcy’s Law
calculations. The geophysical mapping show that terraces systematically occur in glacial clay where the
less permeable overlying sediment have been eroded, allowing for potential upward fluid migration.
Consequently, terraces mainly appear to form in shallow waters in the near-shore areas, where more
extensive erosion have taken place. One-dimensional consolidation tests on sediment samples from the
terraces are combined with grain size, grain density and geophysical analyses of the sediment, revealing
a relationship between a downcore increase in silt and an increase in hydraulic conductivity for any
specific porosity as the silt content increases. The groundwater flow calculations show that the seepage
velocities generated through either a clay-enriched or a silt-enriched glacial clay are too low to cause
erosion of the terrace sediments. For erosion to occur the hydraulic conductivity and/or hydraulic
gradient need to increase with several orders of magnitude. Further research is needed to evaluate terrace
formation by piping erosion from groundwater flowing via alternative flow paths.

Keywords: Submarine groundwater discharge, marine geophysical mapping, marine geotechnics,
glacial clay, internal erosion, Baltic Sea.
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1. Introduction

Submarine groundwater discharge (SGD) is defined as the flow of water on the continental margins
from land to the coastal sea where it discharges below the sea surface . There are several driving forces
for SGD, such as terrestrial hydraulic gradients , pressure gradients induced by currents in the near shore
zone, or tidally driven flows . The total flow of water via SGD can therefore have both terrestrial and
marine components in terms of fluid composition and flow drivers (Moore, et al., 2008 and Taniguchi,
et al., 2019) and its global discharge into the oceans have been estimated to be comparable to that of
rivers (Kim & Lee, 2003; Hwang, et al., 2005; Moore, et al., 2008; Kim & Kim, 2011; Rodellas, et al.,
2015 and Cho, et al., 2018). Meanwhile, recent studies estimate that the global volume of the freshwater
component from SGDs only correspond to approximately 1% of the annual river discharge or even as
low as ~ 0.6% of the total freshwater input to oceans . These numbers contrast with the large amount
of fresh and recirculated water suggested by previous authors and it is acknowledged that the amount of
discharge can vary locally (Peltonen, 2002; Burnett, et al., 2006 and Luijendijk, et al., 2020) largely to
due to the type of geological setting . Therefore, the exact amount of discharge from SGDs into the
oceans is not known and research is needed to identify where it occurs and how to calculate the flow.
One of the important aspects of understanding SGD systems is that they can provide a pathway for
nutrients and other dissolved elements, such as metals and nuclear waste, to reach the oceans (Johannes,
1980; Taniguchi, et al., 2002; Burnett, et al., 2006; Moore, et al., 2008; Ma & Zhang, 2020).

By using marine geophysical mapping, detection of SGD can be made by locating morphological
features in the seabed formed by erosion of the sediments from water driven through permeable layers
in the sediment. Examples of such formations are valleys, depressions, and terraces in the seabed.
Valleys and depressions have been studied globally, such as valleys on the New Jersey continental slope
, 40 m wide and 2 m deep depressions off the east coast of Australia , and 20- 700 m wide and 10- 20 m
deep depressions on the South-east coast of New Zealand . Around the Baltic Sea and in North America
the landscape is shaped by glacial activity, leaving buried eskers, till and coarser layers in the glacial
clay to serve as permeable layers for SGD (Robb, 1984; Soderberg & Flodén, 1992; Goff, et al., 2019;
Gustafson, et al., 2019; Virtasalo, et al., 2019 and Jakobsson, et al., 2020). In Sweden, seafloor terraces
were first detected in the southern archipelago of Stockholm, with lengths of 100- 1500 m and heights
of 1- 3 m (Soderberg and Flodén, 1992, 1997). In the walls of the terraces there were holes/cavities that
were suggested to serve as groundwater outlets, formed by fluid seepage through coarser silty layers in
the glacial clay. The terraces were hypothesised to have been formed by the erosion or ‘spring sapping’,
as debris of glacial clay were found along the base of the terrace walls which indicate collapse of the
sediment (Soderberg and Flodén, 1992, 1997). Similar findings of debris next to depressions found
offshore New Jersey also suggest this erosion process .

Through geophysical mapping east of Askd, south of Stockholm in south-central Sweden, and in
Blekinge in southern Sweden, Jakobsson et al. (2016, 2020) discovered <1 m high terraces extending
from a few meters to >100 m outside Askd, and terraces extending >550 m in Blekinge. In both instances
the terraces were formed in glacial clays that outcrop at the seafloor. Observations of 1-2 cm wide holes
in the walls of the terraces outside Askd resembles the cavities described by Soderberg and Flodén
(1992, 1997). Jakobsson et al. (2020) concluded that the terraces in the near-shore areas of the Baltic
Sea could have been formed according to the original hypothesis put forward by Séderberg and Flodén
(1992, 1997), i.e., by erosion during groundwater seepage through silty layers in the glacial clay, which
caused the undermining of the sediment and subsequent failure and terrace formation. The driving force
of SGD was suggested to be the hydraulic gradient (dH/dL) between the groundwater table and the
discharge outlet at the terrace site (Figure 1).

In this project the terraces east of Askd are further investigated (Figure 2) and quantitative evaluations
are made to determine if hydraulic heads from the local groundwater table are sufficient to drive SGD
and lead to spring sapping (erosion) at sites where seafloor terraces are formed. The main hypothesis of
this project is partly the same as brought forward by Séderberg & Flodén. (1992; 1997) and Jakobsson
et al. (2020); that the seafloor terrace formations are a result of the SGD through silty layers in the glacial
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clay, which cause erosion and failure of the sediment. To test this, sediment permeability-porosity-grain
size relationships are defined through laboratory geotechnical testing and the subsurface geometry and
thickness of the sediments that groundwater would need to flow through to reach the terraces are
constrained using geophysical data. This is combined with observations on groundwater table variations

in the region.
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Figure 1. Schematic diagram of the formation of terraces and the flow paths of SGD, modified
from Jakobsson et al. (2020). The spatial dimension parameters required for fluid flow
according to Darcy’s law is illustrated; Length of the flow path along the permeable layer from
source to outlet (dL) and the change in hydraulic head (dH) from the groundwater table to the

sea surface.
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Figure 2. Location of the study
site of Askd in the archipelago
south of Stockholm, Sweden,
where seafloor terraces were
mapped by Jakobsson et al. (2016
, 2020). Land images from ©
Google Satellite;  Bathymetry
(DTM) from EMODnet
Bathymetry Consortium (2020):
EMODnet Digital Bathymetry
(DTM). Coordinate reference
system: WGS 84/UTM zone 33N.



1.2. Background

1.2.1. Geotechnical background

Internal erosion

Erosion within a sediment parcel or sequence is called internal erosion. There are two main types of
internal erosion: suffusion and piping . Suffusion is the erosion process where finer particles within a
coarser grained skeleton are eroded away in the direction of internal fluid flow (Wan & Fell, 2008;
Briaud, et al., 2019; Werner, et al., 2020). Piping is the erosion of sediments where flow is channelized
in a pipe system and can thus be regarded as surface erosion internally to the structure .

Erosion occurs when flowing water reaches a critical velocity (v, ), where the drag force (Fp) of the
water upon the grains results in a shear stress (t) that exceeds the weight (Fy), friction (Fr) and cohesion
(F¢) of the grains, resulting in a lift force (F;) (Grabowski, 2011; Bonelli, et al., 2007; Briaud, et al.,
2019) (Figure 3). Thus, the critical parameters determining if erosion will occur are (1) critical fluid
velocity (v,.) and (2) critical shear stress (z.). The critical fluid velocity depends on the hydraulic head
(H) and the intrinsic permeability (K, m?) or hydraulic conductivity (k, m/s) of the sediment. Intrinsic
permeability and the hydraulic conductivity depend on the porosity (¢) and grain size distribution. The
critical shear stress will be governed by the shear strength of the sediment, which in turn is heavily
dependent on cohesion and consolidation state . Cohesion is the force which occurs from attractions
between negative charged sheeted clay silicates and other particles through Van der Vaals bonds, and
other inter-particle attraction forces owing to the clay particles (Bonelli, et al., 2007 and Rankka, et al.,
2004). A sediment is defined as cohesive if it contains > 4-10 % clay (Grabowski, et al., 2011; Zahidul
& Kuleza, 2020). However, the presence of silt reduces the cohesive properties of clay-rich sediment
by increasing the permeability (Higgins, 1982; Dunne, 1990; Schneider, et al., 2011; Briaud, et al.,
2019).

Consolidation

Consolidation is defined as the time-dependent process of porosity reduction as pore water is expelled
from saturated sediments resulting in compression and stress transfer . It occurs when a load is applied
to a sediment parcel, whereby the load is initially transferred to the pore water as excess pore pressure
(ue). As the pore water is expelled, the stress is transferred to the grains, which causes an increase in the
effective stress (¢°y) of the sediment. The time it takes for a sediment to consolidate depends on the
hydraulic conductivity (k, m/s) or the intrinsic permeability (K, m?), which defines how quickly water
can dissipate from the sediment .

The time-dependent consolidation of sediments can be reproduced in the laboratory by performing a
consolidation test, or oedometer test. During the test a sediment sample is compressed and decompressed
under specific incremental loading and unloading steps. At each step the consolidation (settlement) over
time is measured. Based on the changes in sediment height over time, several parameters can be
calculated, including void ratio (€) or porosity (¢), sediment compressibility and hydraulic conductivity
(k). Specifically, these tests allow us to derive relationships between porosity-stress (burial depth)-
permeability that can be used to model the in-situ properties of sediments.



Ve Figure 3. lllustration of a
, > cohesive sediment during erosion
by flowing water, showing the
resulting forces acting on a grain
and the critical parameters for
movement of the particle. The
resisting forces are; Fg: friction,
Fc: cohesion, Fn: Normal force
(weight of the particle). The
driving forces, resulting from the
moving water, are; F.: Lift force,
Fpo: Drag force. The critical
parameters for movement are: T
critical shear stress, v¢: critical
velocity.

1.2.2. Baltic Sea sedimentation history with respect to Asko

Sediment stratigraphy in the Baltic Sea largely reflects paleocenvironmental changes during the latest
deglaciation of the Fennoscandian Ice Sheet (FIS) between ~16-8 cal. ka BP . During deglaciation the
Baltic Sea basin went through four main stages of formation, where the basin was alternatingly cut off
and connected to the North Sea.

The initial period of ice sheet retreat beginning ~16 cal. ka BP formed the first stage known as the Baltic
Ice Lake (BIL) through melting of the northward retreating glacial ice . At 13 cal. ka BP the first drainage
of BIL occurred through south-central Sweden close to Mt. Billingen due to a 10 m water level
difference between the BIL and the North Sea (Andrén, et al., 2011; Sward, et al., 2016). During this
period the Asko region was just south of, or underneath the ice margin, as the Askd region is located
slightly above the Levene recessional moraine that was formed around 13.4 cal. ka BP (Figure 4A).
During the Younger Dryas cooling period (12.9-11.7 cal. ka BP) the ice margin readvanced and
retreated in oscillations which formed a band of end moraines, called the Middle Swedish End Moraine
Zone (MSEMZ) which extended from Skdvde to the Askd region (Figure 4A). In front of the ice margin,
varved glacial clays are deposited generally due to the expulsion of fine-grained material in meltwater.
The varves are composed of a slightly coarser grained and thicker summer layer when meltwater output
is high, and a thinner and slightly finer winter layer when meltwater is reduced. Furthermore, the
thickness and grain size of the varved glacial clays vary in response to the distance from the ice margin.
Coarser and thicker varve sequences represent deposition closer to the ice margin.

At the end of Younger Dryas around 11.7 cal. ka BP, isostatic uplift and a milder climate caused rapid
retreat of the FIS. As the icesheet retreated north of Mt Billingen a final drainage of the BIL occurred,
when 7800 m?® water flowed out of the BIL . At this time the ice margin was located 30 km south of
Stockholm , located about 30 km north of the Askd region (Figure 4B). A pathway to the North Sea
was opened again which led to the formation of the next Baltic basin stage; the Yoldia Sea (YS), during
which rapid warming led to increased ice recession and sedimentation rates. In sediment cores retrieved
at locations close to the ice margin during early YS, thicker and coarser grained layers are indicative of
(both) the BIL drainage(s) as deposition occurred close to the margin, followed by thinner and finer
grained varves representing an increasing distance to the ice (Swérd, et al., 2016 and Sward, et al., 2018)
and homogenous clay depositing when the ice was furthest away . This implies that older sediments
likely consist of a higher amount of coarser grains compared to the younger sediments . At the end of
the Y'S stage only the Bothnia Bay in the north was still glaciated and postglacial sedimentation occurred
in the central part of the basin .



Continued uplift led to the Baltic basin once again to become cut off from the sea, marking the onset of
the Ancylus stage at 10.7 ka BP, represented by low organic productivity and highly oxygenated bottom
waters . A rising sea level and increasing organic content initiated the onset of the Littorina Sea around
8-8.5 ka BP, which is the ongoing stage of the Baltic basin (Andrén, et al., 2011; Bjorck, 1995). The
Askd region had still not emerged from the water during the onset of the Littorina Sea, however,
continued isostatic uplift may have resulted in the creation of a present-day hydraulic head between the
(eventually) landward and seaward parts of glacial clay layers of Asko .

North P
Atlantic /:ﬁ
okt

/ OSHS

Norwegian
Sea

/_4 \§
LJ E\// o £

Figure 4. Location of the ice sheet margin with respect to Askd region during the retreat of the Fennoscandian
Ice Sheet. A: Illustration modified from Swaérd et al. (2016) that shows the extents of the Levene recessional
moraine (Le) and the Middle Swedish End Moraine Zone (MSEMZ). Also shown, but not discussed, is the
Sveconorwegian Frontal Deformation Zone (SFDZ), Younger Dryas-Billingen ice marginal line (YD-Bi),
Younger Dryas-Skdvde ice marginal line (YD-Sk), Lake Vattern (V) and the Protogine Zone (PZ). B: The
positions and dates of the ice margin during the FIS retreat (Figure modified from Shackleton et al. (2018)).
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2. Materials and method

2.1. Survey area

The survey area is in the archipelago south of Stockholm, east of Aské Island (Figure 5Figure 5). The
main research area for this project is on the terraces outside the SW shore of Fifang Island, about 3.5
km NE of Asko (Figure 5C). Hydrological and geological information on the survey area was obtained
from the islands Askd, Fifang, Boko-Oxnd and Brannskar based on reports from the Geological Survey
of Sweden (SGU, 2021).

2.1.1. Groundwater tables

The measured groundwater levels from the wells on Asko and Fifang dates to the same time as they
were drilled, which was 2017-05-10 on Askd and 2006-06-07 on Fifang, while no information of when
the measurements on Bokd-Oxn6 and Brunnskér is provided (SGU, 2021). The groundwater well on
Fifang is located at the boundary between granite and slate and the measured groundwater level is 32 m
below the surface of the well (SGU, 2021). Based on the elevation at the well site, this corresponds to a
groundwater table of -26 masl (Figure 5Figure 5). This is very low compared to the groundwater tables
of the other islands (Figure 5Figure 5). The reported initial level in the Fifang well was measured in
2006-06-07, and is much below the present water level provided from ocular inspection by the Askd
personnel in Feb 2022. According to the groundwater well information provided in the area (SGU, 2021)
the well on Fifang is drilled in gneissy bedrock, while the wells on Askd are drilled in granitic bedrock.
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No bedrock information for the wells on Bokd-Oxné and Brannskar is provided by SGU (2021), but
they seem to be in either granitic or sedimentary bedrock (Figure 6).
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Figure 5. Map of the survey area including groundwater level information and locations of terraces. A: Overview
of the survey area shown on a map of Sweden and the Baltic Sea (the size of the red box corresponding to the
survey area is exaggerated for presentational purposes). Land images from © Google Satellite; Bathymetry (DTM)
from EMODnet Bathymetry Consortium (2020): EMODnet Digital Bathymetry (DTM). B: The survey area east
of Askd. The mapped seafloor is marked with black dotted lines. Groundwater wells are present on several
locations, but only the islands Askd, Fifang, Bokd-Oxn6 and Brannskar contain information about the groundwater
levels © SGU (2021). The groundwater levels were measured 2017-05-10 on Asko and 2006-06-07 on Fifang,
while the dates for measurements on Bokd-Oxné and Brunnskér are undocumented (SGU, 2021). The elevations
of the islands and the wells are obtained from the Terrain model (DTM) grid 1 © Lantmateriet (2021). The terraces
are mapped and digitized by M. Jakobsson. C: The main study area for this project and location of the core site.
D: Groundwater table and elevation information for the wells (SGU, 2021 and Lantmateriet, 2021). Coordinate
reference system: WGS 84/UTM zone 33N.

2.1.2. On-shore geology

The islands in the research area are dominated by gneissy granites and granodiorites, and all contain
metasedimentary rocks, such as sandstones and greywackes (SGU, 2021, Figure 6A). The sedimentary
sequences are mainly localized in the northern and northeastern part of Aské and in the west side of
Fifang, both facing the survey area and the locations of the mapped terraces (Figure 5B, Figure 6A).
The bedrock of Askd also contains metavolcanic rocks such as rhyolites and basalts and some intrusions
of gabbro, diorites and dolerites (SGU, 2021). Deformation zones cut through all islands and rock types,
with one main deformation group extending NW-SE, and another, less coherent, in an NNE-SSW to
NE-SW direction. On Fifang, the NW-SE deformation zones are most notable as well as one distinct
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zone extending NNE-SSW through the central southern part of the island (Figure 6A). Sandy tills and
glacial clays are found on all islands, and postglacial sediments such as wave washed gravel, postglacial
sand and gyttja clay are also present on Aské (Figure 6B). The sediment cover is generally thin on all
islands (0-5 m) but with locally thicker strata up to 20 m (Figure 6C). Toward the shores that face the

survey area sediment cover is absent on all islands (Figure 6B) (SGU, 2021).
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Figure 6. Bedrock and sediment of the islands in within the survey area. Apart from Fifidng which is the main island of
interest as the main research area is off its coast, Askd, Bokd-Oxné and Brannskar are annotated with their names as they
contain groundwater level information and are therefore of special interest compared to the other islands in the area. A:
Bedrock map with deformation zones, antiforms, synforms and mafic intrusions presented. The islands mainly compose
of granite and sandstone, with NW-SE and NNE-SSW to NE-SW trending deformation zones. Askd also contain
rhyolite/dacite in the SW and more mafic rock types in NE, such as gabbro and basalt. B: Sediment type map showing
the patchy presence of glacial sediment on all islands (sandy till and glacial clay) and also postglacial sediments on Asko.
C: Sediment thickness map indicating that the sediment cover is between 1-20 m but with most of the sediment having a

thickness of around 3-5 m or less. The maps are modified from SGU’s map generator, 2021 (SGU). Coordinate reference
system: SWEREF 99.

10



2.2. Geophysical mapping and core sampling

2.2.1. Acoustic geophysical mapping

Acoustic geophysical mapping techniques use reflecting acoustic pulses to create high resolution images
of the bathymetry, sub-bottom stratigraphy and water column. Descriptions of acoustic geophysical
mapping methods are, for example found in Lurton (2016) and Jakobsson et al., (2016). A brief summary
is provided here using these references as source information. A pulse is sent from a transmitter and is
reflected to a receiver upon interference with an object. The receiver registers the time-measured signal
as a two-way travel time (TWT). Subsequently, the two-way travel time is converted into a depth (D)
depending on the speed of sound in water or through the sediment (v) by the following equation:

TWT
2

(1)

=V x*

At the interface between two geological mediums the acoustic signal is reflected due to the impedance
contrasts of the materials (resistance of the acoustic wave to travel through the material). This produces
images that reflect the properties of the bathymetry or sub-bottom sediments.

Multibeam echo sounders (MBES) use high frequency pulses and are mainly used for the mapping of
the seafloor depth. MBES sends out several pulses in a sideways direction, which produces a 2D profile
in the direction of the boat as well as to the sides of it. Sub-bottom profilers are used for imaging the
subsurface sediment stratigraphy and operate using lower frequency pulses than MBES, allowing for
deeper penetration into the subsurface. The sub-bottom profiler sends out acoustic pulses in one
direction which produces 2D profiles along the boat tracks. Conventional sub-bottom profilers operate
in one frequency while chirp sub-bottom profilers send out acoustic pulses in a sweep of varied
frequencies: a bandwidth of frequencies. Thus, the chirp produces images of the sub-bottom with high
resolution that can penetrate deeper into the sediment than when using conventional sub-bottom sonar
systems. Resolution refers to the ability to resolve two objects or interfaces as separate entities, hence
higher resolution systems can identify both smaller and more closely spaced features.

The horizontal resolution of a sonar system is determined by which is the largest of the footprint (Dy)
or the radius of the First Fresnel zone (Rr). The footprint (Dy) corresponds to the horizontal area on the

seafloor that is covered by a sound pulse (ping), and it depends on the water depth (H) and transducer
opening beam angle in radians (a):

o
Dy =2H xtani 2

The First Fresnel zone is the area in which the soundwaves of the pulses interfere constructively (offsets
between the pulses are % of the wavelength or less) and its radius (Ry) is estimated using the water
depth (H) and wavelength (1):

Rp = |— 3)

The vertical resolution of a chirp pulse (Ry) can be calculated based on the bandwidth of the sonar
system (B) and the sound velocity (v):
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Ry = B_/2 4

Geophysical mapping was done with Stockholm University’s R/V Electra, equipped with multibeam
echosounder and sub-bottom profiler. Multibeam bathymetry and sub-bottom profiles were collected by
Jakobsson, et al. (2020), and during annual courses held by Martin Jakobsson at Stockholm University
between 2007 and 2018. Additional sub-bottom profiles were acquired in December 2020 across the
terraces of interest for this project (Figure 5C). The multibeam bathymetry was acquired with a
Kongsherg EM2040 0.4° x 0.7°, 200-400 kHz multibeam echo sounder, using a frequency of 400 kHz.
Sub-bottom profiles were collected between 2007 and 2015 with an Edgetech SB-216S (17°-24°, 2-16
kHz) tow-fish chirp sonar, operating with 1 ms long 3-9 kHz pulses and towed at a 3 m depth. Between
2016 and 2020 the sub-bottom profiles were collected with a hull mounted Kongsberg Topas PS40 (3.5°-
5°) 24-channel parametric sub-bottom profiler, operating in chirp mode with 4 ms long 4-10 kHz pulses.
Due to the SB-216S being towed at a distance behind the ship (on which the GPS antenna is located)
the position of the tow-fish is determined by accounting for the layback of the cable that connects it to
the ship. Thus, the georeferenced profile from this system is less accurate than for the hull mounted sub-
bottom profiler which is precisely referenced to the GPS on the ship. Photographs of the terraces in the
core site were obtained during the expedition in December and 3D-digitized (courtesy to Jim Hansson,
Swedish Maritime Museum).

2.2.2. Core sampling

Three cores were taken from three different terraces in the main research area (Figure 5C) using a piston
corer for two cores (EL20-IGV07-1PC and 2PC) and a gravity corer for core (EL20-1GV07-3GC) (Table
1). The cores were cut into <1.5 m sections and taken to Stockholm University where they were kept in
cold storage until usage. Core EL20-IGV07-1PC was opened and photographed during a laboratory
exercise in the master’s level Marine Geotechnics course at Stockholm University and the resulting
images are used in this paper. Similarly, bulk density (pg) and magnetic susceptibility (MS) of the cores
were measured at 1 cm intervals on a Geotek Multi-Sensor Core Logger (MSCL). The MSCL data was
used to identify key lithologic changes in the cores, choose sampling locations for consolidation tests,
and for calculating the in-situ effective stress (¢',,) and porosity (¢).

Core ID EL20-IGV07-1PC EL20-1GV07-2PC EL20-IGV07-3GC
Coordinates core Lat 58.8373562352363, Lat 58.8373086597803, Lat 58.8372598762413,
site Lon 17.7031561210803 Lon 17.7029029701671 Lon 17.7022734354647
Corer Piston corer Piston corer Gravity corer
Core length (m) 1.79 4 1
Section lengths (m) Sec 1: 0-0.31, Sec 1: 0-0.96, Sec 2: 0.96-2.48, Sec 1: 0-1

Sec 2: 0.31-1.79 Sec3:2.48-4

Table 1. Specifications of the retrieved sediment cores, including coordinates, type of corer, core length and
lengths of the cut sections of each core.
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2.3. Geophysical data processing

2.3.1. Processing of the multibeam bathymetry data

The multibeam data in this project were processed and gridded by Martin Jakobsson, for details see
Jakobsson et al. (2020). The gridded multibeam bathymetry was used for detecting terraces and for
calculating sediment thicknesses.

2.3.2. Processing of the sub-bottom data

The sub-bottom raw data were stored in SEGY-format with the navigation in geodetic (latitude and
longitude) coordinates in arc seconds. These spherical coordinates were projected into Universal
Transverse Mercator (UTM) zone 33 cartesian (xy) coordinates, using the software tool GSCA SegY
Navigation Converter version 1.2 (Geological Survey of Canada with courtesy of Bob Courtney). The
projected coordinates were stored in the header of the converted SEGY -files, which were imported into
OpendTect Pro (version 6.6.2, dGB Earth Sciences) for further processing and analysis (for details about
OpendTect setup, see Appendix A). To import navigation data from the sub-bottom profiles to QGIS
(version 3.16.11 Hannover) they were further converted into SHP-format by using software provided
by the Geological Survey of Canada (with courtesy of Bob Courtney). The sub-bottom profiles from the
Aska region were used to construct isopach maps defining the thickness of key sedimentary units. These
were needed to assess the length/thickness of the sediments through which groundwater would need to
travel under different scenarios.

2.3.3. Processing and analysis in OpendTect and QGIS

The sub-bottom profiles and multibeam bathymetry (having depths in two-way travel time) were
imported into OpendTect using WGS 84/UTM zone 33N [EPSG:32633] projection of the coordinate
system. The reference sea surface level recorded in the sub-bottom profiles varied slightly between the
lines, causing a misalignment between the profiles with respect to depth. This is mainly an effect of the
different transducer depths of the towed and the hull-mounted chirp sonar. Since the towed chirp is
moving within the water column it operates at a deeper and fluctuating level, which was only accounted
for during data acquisition by entering estimated depth values based on the amount of tow cable payed
out, as the SB216 tow fish used lacked a pressure sensor (M. Jakobsson personal communication). The
accuracy of the multibeam bathymetry depth is much higher, due to the multibeam having a higher
resolution than the sub-bottom profiler and the fact that it is fully compensated for ship motions and
sound-velocity variations through the water column. In addition, the GPS navigation was RTK-corrected
implying a horizonal accuracy of about 2-3 cm. Therefore, each sub-bottom profile was depth-adjusted
to match the seafloor level of the multibeam bathymetry. This was done visually in OpendTect by
comparing the seafloor of the sub-bottom profiles with the bathymetry. As the offsets in depth can vary
along one profile (with the location of the towed chirp varying along a line), the adjustments were
averaged along each profile.

To enhance the visualization of the acoustic stratigraphic layers, an Instantaneous amplitude attribute
filter was added to all sub-bottom profiles. All seismically driven parameters are attributes, such as
velocity, amplitude and frequency, and by applying a certain attribute filter to the profiles, specific
features which are sought for are intensified . The Instantaneous amplitude attribute enhances the
visibility of the acoustic impedance contrasts or reflectors and was therefore chosen.
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The prominent reflectors of each sub-bottom profile were manually digitized and labelled according to
their vertical position in the upward stratigraphic sequence. The layer between two prominent reflectors
is considered an acoustic unit. A gridded surface of each reflector was generated by interpolating along
and between the digitized reflectors with the OpendTect plugin “Grid 2D-3D horizon” using a Local
Thin Plate Spline (LTPS) algorithm (as this algorithm produced a seabed surface with the best fit to the
bathymetry. LTPS is an algorithm which can be used for interpolation and smoothing of scattered data
, which works well for this project as the sub-bottom lines were sparse at places. All gridded surfaces
were cropped along the borders of the multibeam bathymetry since sub-bottom lines were adjusted
vertically to it and because the bathymetry was to be used for isopach calculations- hence only areas
corresponding to the bathymetry should be used.

The sediment thickness in time (ms), isochrons, of the acoustic units between the gridded surfaces was
obtained using an assumed constant sound speed of 1500 m/s. This sound speed is a simplification as it
varies between the water column and within the sediments (Jakobsson, et al., 2016). With respect to the
sediments, 1500 m/s is likely a minimum value implying that calculated thicknesses are “minimum
thicknesses”. The isochrons and multibeam bathymetry were imported into QGIS (version 3.16.11
Hannover), where the depths of the surfaces were converted from time (ms) to distance (m) (Equation
1). Lastly, both bathymetry maps and isopach maps (thickness in meters) of the key sedimentary units
were created in QGIS (version 3.16.11 Hannover).

2.4. Physical Properties and Geotechnical testing of sediment cores

2.4.1. Consolidation Tests

One-dimensional incremental load consolidation tests were performed on 7 samples from EL20-1GVO07-
2PC following the ASTM standard method (D2435-04 Method B) . Whole-round samples of 3-5 cm
thickness were cut from the unopened core at locations where the MSCL data showed differences in
bulk density, magnetic susceptibility, and porosity (Table 2). The samples were trimmed to fit a fixed
ring oedometer cell with a height of 20 mm and inner diameter of 50.4 mm (Figure 7A). Two samples
were prepared from EL20-1GV07-2PC-SEC 2-147-152. Trimmings from each sample were used for
grain density measurements. Filter papers were placed both underneath and on top of the sample before
being placed between the porous stones in the oedometer cell. The porous stones were always kept
saturated in distilled water during the preparations of the samples, and distilled water was used to fill
the oedometer cell. Tests were performed using an Loadtrac 2 load frame with a load capacity of 45 kN
but a load cell with a 4500 N limit (Figure 7B) and FlowTrac 2 Pressure and volume control flow pump
with a pressure capacity of 3500 kPa (Geocomp Corporation, MA, USA). Incremental load steps with a
Load Incremental Ratio of 1 (doubling of the load for each step), from 2 kPa to 2050 kPa, were
performed. The end of each step was reached at 90 % primary consolidation, after a minimum duration
of 2 hours or maximum time of 24 hours. The time required to reach the end of primary consolidation
(t90) as well as the corresponding vertical displacement was determined by the software, based on the
square root of time method . Unloading of the sample occurred at the same load increments until 2 kPa,
when the test was ended. The samples were weighed before and after consolidation test. The
consolidated sample and trimmings from sample preparation were dried in the oven at 55°C for a
minimum of 2 days and used to calculate the water content before and after consolidation.

2.4.2. Grain size and grain density measurements

Grain size measurements were made on subsamples from the wet consolidated samples using a
Malvern Mastersizer 3000 laser diffraction particle size analyzer. The particle sizes were defined
based on the Wentworth classification system as follows: Clay: 0—4 um, silt 4-63 pm, sand > 63 um .
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To calculate the porosity/void ratio of samples, grain density (ps) measurements were performed with
a helium gas pycnometer (Micromeritics, AccuPyc 2, 1340). This was done by crushing 8-12 g of the
dried trimmings from the consolidation test sample with a pestle and mortar and filling it in a 6.37 cm?
sample cup, leaving 5 mm to the top. Each sample was measured five times and the resulting average
grain density was reported with a standard deviation.

Core EL20-IGV07-2PC

sample EL20-IGVO07- EL20-IGVO07- EL20-IGVO07- EL20-IGVQ7- EL20-IGVO7- EL20- EL20-

D P 2PC-SEC 3- 2PC-SEC 3- 2PC-SEC 3- 2PC- SEC 2- 2PC- SEC 2- IGV07-2PC- IGVO07-2PC-
136-142 130-136 120-125 147-152-A 147-152-B SEC 2-4-7 SEC 2-0-3

Cores 3 3 3 2 2 2 2

section

Core

depth 3.88 3.81 3.71 2.46 2.46 1.03 0.99

(m)

Table 2. Locations of where the samples used for geotechnical tests were taken from core EL20-1GV07-2PC.

Figure 7. Consolidation test components. A: Sample preparations of trimming and fitting the
samples into the fixed ring cell (20x50.4mm). B: Loadtrac 2 load frame with the following
features pointed out: oedometer cell containing the sample specimen, load platen which
moves upwards to increase the pressure, pressure sensor which is connected to the Flowtrac
2 system.

2.5. Data reduction and processing steps of geotechnical data

From the consolidation tests the change in void ratio (e) and hydraulic conductivity (k) during increased
effective stress (o',,) was obtained (data reduction details in Appendix B), and from void ratio the sample
porosity (¢p) was derived with the following relationship:

e

¢=e+1 ®)
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2.5.1. Pre-consolidation pressure, compression, and recompression indices

Each consolidation test was plotted as a consolidation curve on a log void ratio (e) — log effective stress
(¢o'v) graph to graphically determine the pre-consolidation pressure (¢”,,), compression index (C.) and
recompression index (C,.) (Figure 8). The pre-consolidation pressure and compression index is needed
for producing an in-situ depth-porosity model of the sediment as well as to know if the sediment is over
consolidated (was buried to a deeper depth in the past).

The consolidation curve consists of lines that connect void ratio at the end of each loading step, with the
consolidation path starting at point A and ending at point E (Figure 8). The initial loading, or reloading
(as the sediment is being reloaded after having been taken up from the seafloor) of the sediment is
represented by the recompression curve between point A and B (Figure 8). A line fitted along the initial
load steps of the recompression curve represent the recompression line and its slope is the recompression
index (Cy) . During recompression, the void ratio changes little with the increased load steps until the
recompression curve is interrupted by a break and a distinct downwards slope in the curve between point
B and C (Figure 8). At the break of the curve the sediment is subjected to loads that exceed the maximum
effective stress that the sediment has ever experienced. This is termed the pre-consolidation pressure
(o’p). This break represents the change from recompression to compression of the sediment. The path of
the curve after the pre-consolidation pressure, between point C and point D, is called the Virgin
Compression Line (VCL) and its slope is the Compression index (Cc). The VCL represents how the void
ratio decreases with increased effective stress, it essentially represents the void ratio/porosity-depth
function of the sediment. The unloading part of the curve is shown between D and E and corresponds
to the load decrease until the end of the test at point E. By extending the VCL upwards to meet the y-
axis, the void ratio upon initial sediment deposition (ey), at an effective stress of 1 kPa, is obtained
(Figure 8).

e(o

Figure 8. Illustration of a textbook-example
consolidation curve with an arbitrary number of
load steps shown as points on the curve. Point A-
B: The path of the recompression curve, onto
VCL, Cc which the recompression line and recompression
index (C,) s fitted. B-C: Break between
recompression and compression part of the curve
from which the pre-consolidation pressure
(o'p) and the void ratio at the pre-consolidation
pressure (ep) is shown. C-D: Virgin compression
line (VCL) and its corresponding slope, the
compression index (C.). D-E: Unloading of the
effective stress until the end of the test at point E.

Log e

Log o', (kPa)

2.5.2. Effective vertical stress and downcore porosity from the MSCL data

When saturated sediments are compressed under hydrostatic pore pressure conditions, the stress
consolidating the sediments is a function of the buoyant weight of the overlying sediments and is called
the effective vertical stress (a',,). From the MSCL bulk density (pg) (9/cm®) a downhole profile of in-
situ effective vertical stress in kPa (o”,,) (assuming no excess pore pressure and a fluid density (py) of

1 g/cm?®) was calculated for each core:

Since the vertical effective stress is defined as:
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o'y = (ps — pr)9z (6

where g = gravity acceleration (m/s?) and z = depth (m)

The downcore effective stress profiles between closely spaced bulk density measurements can
be calculated as:

0'y2 = 0"y + (pp19Az) — (prghz) (7)

where

o',, = ef fective stress at the new depth (kPa)

o',1 = ef fective stress at previous depth (kPa)

pg1 = bulk density at previous depth (g/cm3)

Az = change between previous depth (z;) and new depth (z;) (m)

The in-situ effective stress was compared with the pre-consolidation pressure for each sample to
determine its stress history or overconsolidation ratio.

Downcore porosity (¢) was calculated from the measured MSCL bulk density (pg) following:

Pc — PB
p=—- (8)
Pc — Pr

Where the grain density (pg) (g/cm?) for core 2PC was the average values obtained from the pycnometer
measurements and for core 1PC and 3GC an assumed grain density of 2.73 g/cm?® was used. The pore
fluid density (p;) was assigned a value of 1 g/cm?.

2.5.3. Overconsolidation ratio (OCR)

The stress history for each sample was described using the overconsolidation ratio (OCR), which is
the ratio between the pre-consolidation pressure (o”,) and the corresponding MSCL derived in-situ
effective stress (o’ ):

!

Op
OCR =~ 9)

!
v

Because sediments compress differently depending on their consolidation state, modelling in-situ depth-
porosity profiles require knowledge of the overconsolidation ratio. If the in-situ effective stress of the
sediment is experiencing the highest load it has ever been subjected to, the sediment is normally
consolidated and the OCR = 1. If the in-situ effective stress is lower than the past maximum effective
stress (o'p > ¢',) it is overconsolidated with an OCR > 1. If the existing in-situ effective stress is
higher than the pre-consolidation pressure the sediment is underconsolidated (¢'p < ¢',,) and the OCR
< 1. Underconsolidation implies that the porewater pressure is higher than the hydrostatic pressure and
that excess pore pressure exists.
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3. Results

3.1. Geophysical mapping and data processing

3.1.1. Bathymetry

The seafloor depth along the coasts of Asko and Fifang is between 10-20 m and deepens further offshore
toward the middle of the mapping area, with depths up to 55 m (Figure 9). At water depths around 15
m, where most terraces are located (Figure 5), the across track resolution of the multibeam (based on
the transmitter angle of 0.7°) gives a footprint of 0.18 m, and the along track resolution (based on the
receiver beam angle of 0.4°) gives a resolution of 0.1 m (Equation 2). Meanwhile, at the same average
depth of 15 m, the Fresnel zone radius is 0.17 m (Equation 3), which gives a diameter of 0.34 m. Thus,
the horizontal resolution is dictated by the Fresnel zone as it is larger than the footprint, and only objects
larger than 0.34 m can be detected by a single pass of the used EM2040 multibeam sonar.

Core EL20-IGV07-1PC and EL20-IGV07-2PC were collected from two adjacent terraces with steps
facing away from Fifang, while core EL20-IGV07-3GC belongs to a terrace opposite the other two,
which faces inland (Figure 9B). The terraces are situated at water depths between 16 and 18 m (Figure
9B) with distances of 310 m (core EL20-1GV07-1PC), 325 m (core EL20-IGV07-2PC) and 360 m (core
EL20-1GV07-3GC) to the shore of Fifang (Figure 9C). The heights of the terrace steps are 0.5to 1 m
(Figure 10), consistent with findings of Jakobsson et al. (2020) who concluded that terraces mainly
occur at water depths of around 15-16 m with steps that usually are <1 m high. A 3D-digitized
photograph (obtained from the expedition in December 2020, courtesy to Jim Hansson, Swedish
Maritime Museum) of the terrace from where core 2PC was obtained, reveal holes in the terrace walls
and sediment debris in front of the terrace (Figure 11). These features clearly resemble the descriptions
of the terraces put forward by Séderberg and Flodén. (1992, 1997) and Jakobsson et al. (2020).
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Figure 9. Multibeam bathymetry of the survey area. A: Overview of the mapped survey area showing the depths
(m) with 5 m intervals. B: The core site with the terraces from which the cores were retrieved indicated with
white arrows. C: The location of the core site with respect to Fifing shore showing the distance to core EL20-
IGV07-2PC. Pink noodle-shaped lines show the locations of terraces in the area mapped (M. Jakobsson).
Coordinate reference system: WGS 84/UTM zone 33N.
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Figure 10. The terraces where the three sediment cores were retrieved. A: The terraces as
viewed from the multibeam bathymetry in OpendTect Pro (version 6.6.2, dGB Earth
Sciences). The location for the cross-section in (B) is viewed across the core sites. B:
Cross-section of the terraces in line with the core locations, showing the height (m) of each
terrace step (produced in QGIS version 3.16.11 Hannover).

Figure 11. 3D-digitized photograph of the terrace from which core EL20-1GV07-2PC was retrieved
(Jim Hansson, Swedish Maritime Museum). Holes within the terrace wall and debris in front of the
wall correspond to the descriptions and photographs of terraces from previous studies by Soderberg
and Flodén. (1992, 1997) and Jakobsson et al. (2020).
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3.1.2.1. Sub-bottom profiles

A total of 115 sub-bottom profiles were analyzed for the purpose of interpreting the stratigraphy and
creating isopach maps of the acoustic units in the survey area (Figure 12). The sub-bottom sediments
off the west coast of Fifang island were mainly mapped during 2010, 2016, 2017, 2018-09 and 2020
(Figure 12A) and the terraces from which the three sediment cores were retrieved are only covered by
sub-bottom profiles from 2016, 2017 and 2020 (Figure 12B).

The vertical resolutions (R,,) acquired with both the Topas PS40 chirp (4-10 kHz) and SB-216S chirp
(3-9 kHz) is 0.5 m as the bandwidths of the systems are the same (Equation 4). This means that any
vertical change smaller than 0.5 m will not be detected. Consequently, some terraces will not be detected
in the sub-bottom profiles. The horizontal resolution for the Topas PS40 chirp, at a water depth of 15
m, is dictated by the 1% Fresnel zone (= 2.1-3.4 m, Equation 3), as it has relatively narrow beam widths
for the primary and secondary frequencies of 3.5 and 5° respectively, which gives footprints of 0.9 and
1.3 m (Equation 2). However, for the SB-216S chirp, the footprint dictates the horizontal resolution as
the beam width ranges from 17 to 24°, yielding resolutions of 4.5 m to 6.3 m respectively (Equation 2),
while the 1% Fresnel zone is between 1.7 and 4.7 m (Equation 3). As the Topas PS40 was used for
mapping from 2016 and onwards, any horizontal changes in the stratigraphy of these sub-bottom profiles
that are smaller than ca 2 m in 15 m water depths will not be detected. The sub-bottom profiles collected
prior to 2016 was collected with the SB-216S chirp which means that the smallest object that are
horizontally detectable within these profiles are 4.5 m (Figure 12A).

3.1.2.2. Acoustic reflectors and acoustic units

Five prominent acoustic reflectors (R-1 to R-5) were defined in the sub-bottom profiles, including the
interface to the acoustic basement (R-1) and the seafloor (R-5). The space between each reflector
represents an acoustic unit, with Unit 1 being the lowermost one and Unit 4 the shallowest one (Figure
13).

R-1 is a reflector caused by a strong impedance contrast between the acoustic basement and the
overlying sediments. Below R-1 there are generally no “real” reflections as the sound waves do not
penetrate through the acoustic basement. However, “multiples”, artefacts caused by the acoustic wave
being reflected multiple times between two impedance layers before returning to the receiver of the
sonar (Jakobsson, et al., 2016), are commonly occurring within the acoustic basement (Figure 13).

Unit 1 is the thickest unit in the stratigraphy and is acoustically stratified throughout the unit (Figure
13). In areas where there are depressions in the acoustic basement, Unit 1 is overlain by other acoustic
units, but where the acoustic basement protrudes towards the surface, the other units are often absent
resulting in Unit 1 outcropping at the seafloor (Figure 13). Blank areas extending upwards from the
acoustic basement are common and appear to be bound to Unit 1 (Figure 13, Figure 14 and Figure 15).
The terraces in the survey area consistently occurr in acoustic Unit 1 where the unit outcrops at the
seafloor and often coincide with the presence of the vertically oriented blank zones (Figure 15).

The transition from Unit 1 to Unit 2 is represented by a strong impedance contrast (R-2) and a lower
intensity of the internal reflections (Figure 13). The acoustic stratifications of Unit 2 are often faint
(Figure 13) but can be clearly visible in sub-bottom profiles with high quality, which sometimes
complicates distinguishing between Unit 1 and Unit 2 (Figure 14). The thickness of Unit 2 is mostly
around 2-3 m. The top of the unit is traceable by R-3, a strong reflector that often blurs out along the
sediment profile (Figure 13 and Figure 14).

Unit 3 is often double or three times thicker than Unit 2 and commonly contains weak internal acoustic

stratifications in the bottom half of the unit, followed by a homogenous appearance absent of internal
reflections (Figure 13). R-4 commonly marks a sharp acoustic impedance change between Unit 3 and
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Unit 4 (Figure 13) but is not always present in the sub-bottom profiles. Consequently, Unit 4 does not
appear in all profiles and usually exists where there is a depression in the acoustic basement
accompanied by a generally thick sediment cover. Unit 4 is usually the thinnest unit (< 2 m) and
generally never contains internal reflections. R-5 represents the topmost reflector of the seafloor (Figure

13).
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Figure 12. Map of the multibeam bathymetry and locations of the sub-bottom profiles. A: Overview
of the survey area showing the bathymetry and elevation of the islands (DTM, grid 1 © Lantmateriet, 2021) and
the sub-bottom profiles in colors according to the year of mapping. Sub-bottom profiles are most frequently
mapped off the shores of Askd and Fifang. B: Close-up of the core site and the terraces from which the sediment
cores were retrieved. The sub-bottom profiles collected during 2020 mainly cover the terraces, and to a lesser

extent the profiles from 2017 and 2016. Coordinate reference system: WGS 84/UTM zone 33N.
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Figure 13. Sub-bottom profile 20130904_091431 with its mapping location shown in A and its cross-section shown in B.
In B all digitized reflectors (R-1 to R-5) and acoustic units (Unit 1 to Unit 4) are illustrated. Multiples are shown in the
acoustic basement, blanks in the sediment are constrained to Unit 1 and blurring of R-3 is visible at the interface between
Units 2 and 3.
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Figure 14. Sub-bottom profile 20180503083220 showing all acoustic units as well as blanks in Unit 2 and
blurring of reflector 3 (R-3). Unit 2 contains visible acoustic stratifications which resemble those of Unit 1 and
Unit 3 contain internal reflections in the bottom of the unit. A: Mapping location of the profile. B: Sub-bottom
profile.
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Figure 15. Three sub-bottom profiles obtained from along the coasts of Asko and Fifang showing terraces at
the sea floor within acoustic Unit 1 and the presence of vertically ascending blanks in the acoustic stratigraphy
of Unit 1. Any terraces < 0.5 will not be detectable due to the chirp profiler vertical resolution of 0.5 m. A:
Location of the sub-bottom profiles (B-D) in the mapping area. B: Sub-bottom profile 20130904 105339,
showing two distinct terraces facing south-eastwards. C: Sub-bottom profile 20180911091418 with terraces
facing southwards. D: Sub-bottom profile 20170905114251 illustrating that the blanks are constrained to
acoustic Unit 1 as they are undetected in the units above.
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3.1.3. Gridding surfaces of acoustic units

Gridding of the digitized reflectors (R-1; R-5) produced surfaces (S-1; S-5) that represent the transition
between each acoustic unit, with S-1 being the top of the acoustic basement, S-2: the top of Unit 1, S-3:
top of Unit 2, S-4: the top of Unit 3 and S-5: the top of Unit 4 and/ or the seafloor (Figure 16A-C). The
LTPS algorithm produced a surface that fitted the multibeam bathymetry best (Figure Al). However, a
shortcoming of this gridding algorithm in OpendTect is that it interpolates between reflectors with no
regard to the length of the distance between them, or if there are other (different) crossing reflectors in
between (Figure 16D). Thus, some surfaces were not constrained enough during gridding as their
corresponding reflectors did not appear continuously throughout the mapped area, leading to the gridded
surfaces ending up where they do not exist (Figure 16D). This was particularly evident for S-3 and S-4
as they are interpolated from reflectors that occur sparsely in the area. Therefore S-3 and S-4 were
excluded from further calculations of isopach’s, thus, the only surfaces used for isopach calculations
were S-1, S-2 and the multibeam bathymetry (Figure 17).

266 m

Figure 16. The digitized
reflector lines and LTPS
gridded surfaces within the
sub-bottom profile 98260927
(2009) showing that
interpolation between
sparsely placed digitized
reflectors can result in
inaccurate surface grids of
the units. A: Sub-bottom
profile without
interpretations. B:  The
digitized reflectors R-1 to R-
5. C: The gridded surfaces
(S-1 to S-5) of the
interpolated reflectors (R-1
to R-5). D: The red boxes
highlight  the  distorted
surface grids of this sub-
bottom profile due to the
unconstrained interpolation
between reflectors. Box 1: S-
4 appears below S-2 and S-3
when it should be located
above both in the
stratigraphic sequence. Box
2: S-3 and S-4 have been
inaccurately gridded below
both S-2 and S-1. Box 3: S-2,
S-3 and S-4 all grid below the
acoustic basement (S-1). Box
4: S-3 is gridded above S-4.
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Figure 17. The gridded surfaces of the acoustic
units used for isopach calculations. S-1 is the
gridded reflector R-1 and corresponds to the
acoustic basement. S-2 is the gridded reflector R-
2 and marks the surface of Unit 1. Between S-2
and the multibeam bathymetry the digitized
reflectors R-3 and R-4 have been excluded due to

the poorly gridded surfaces from sparse data.
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3.1.4. Isopach maps

Isopach calculations were done between: S-1 and the multibeam bathymetry, which corresponds to the
total sediment thickness (Figure 18A); between S-2 and the multibeam bathymetry, which allows
acoustic Units 2, 3 and 4 to be represented as one (Figure 18B); and between S-1 and S-2, corresponding
to acoustic Unit 1 (Figure 18C). Thus, the isopach of the combined acoustic Units 2, 3 and 4 corresponds
to the difference in sediment thickness between the other two isopach’s.

Isopach maps of the mapping area between Asko and Fifang

All isopach maps show a thinner sediment cover closer to Asko and Fifang, while increasing toward the
deeper waters (Figure 18A-C, Figure 9A). The total sediment thickness (Figure 18A) and the thickness
of acoustic Unit 1 (Figure 18C) are similar close to the islands (0-15 m) while differing by 10-20 m in
the deep waters, evidently meaning that the combined Units 2, 3 and 4 are deposited mainly in the deeper
waters (Figure 18B). However, as the most extensive sub-bottom mapping has been made along the
coasts of northern Aské and Fifang there are parts of the survey area which lack constraining data
(Figure 18D). An example of this is illustrated in Figure 18A where the thickest sediment of ~ 55-70 m
occur in an area without mapped sub-bottom profiles, meaning that the thickest sediment is an artifact
from gridding. Additionally, many of the more offshore sub-bottom profiles have been disturbed by
blanks (Figure 18D) and therefore the surrounding areas have been interpolated with a higher degree of
uncertainty. This adds some uncertainty to the deep-water sediment thicknesses. For enlarged isopach
maps see Appendix C.
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Figure 18. Isopach maps of the whole mapping area. A: Isopach between S-1 and multibeam bathymetry (the
total sediment thickness). The red arrows indicate artifacts from gridding of unconstrained data (seen by the
absence of sub-bottom profiles in these areas in figure D) yielding incorrect thickness values of around 55-70
m. B: Isopach between S-2 and the multibeam bathymetry (combined thickness of acoustic Unit 2, 3, 4 and 5).
C: Isopach between S-1 and S-2 (acoustic Unit 1). D: Mapping area showing the locations of the mapped sub-
bottom profiles and the areas of uncertain data due to the presence of blanks in the sub-bottom profiles.
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Isopach map of the main research area/ core site south-west of Fifang

Below the terraces, at the location where the sediment cores were retrieved, acoustically stratified
sediment appear to continue from the acoustic basement all the way up to the seafloor, with blanks
extending from the acoustic basement to each terrace (Figure 19). By crossing another sub-bottom
profile, whose stratifications of acoustic Unit 1 are more visible, the intersection between the two
indicate that the sediment in the core site belongs to acoustic Unit 1 (Figure 20). However, reflector R-
3 is not confidently distinguishable in any of the sub-bottom profiles that target the terrace area/core site
(Figure 20), and consequently only the isopach map of the entire sediment column (S-1 to the multibeam
bathymetry) was chosen to represent the sediment thickness at the core site (Figure 21). The total
sediment thickness increases away from Fifang, from 5- 5.5 m at the location of core EL20-1GV07-1PC
to a thickness of 6.5 m where both core EL20-1GV07-2PC and EL20-1GV07-3GC were retrieved (Figure

21).
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Figure 19. A cut-out from sub-bottom profile 20201201131013 showing a cross-section of the terraces and
locations of the retrieved sediments cores (EL20-IGV07-1PC, 2PC, 3GC) in the main research area SW of
Fifang, with Fifang being located to the east. The terrace steps are indicated with red markings above them.

\‘ j Figure 20. Sub-bottom profiles

\] : 20201201131013 and 20160906_113955)
20160806.:113968" 008 6:00243 > : displayed in the 3D viewer in OpendTect.
e — Also viewed is the gridded surface for the
z acoustic basement (S-1) in red. Sub-
bottom profile 20201201131013 shows
the locations of core EL20-1GV07-1PC,
2PC and 3GC. In the crossing sub-bottom
profile 20160906_113955 the interpreted
acoustic Unit 1 (yellow) is displayed.
Where the two profiles cross there is a
depression in the acoustic basement,
which indicates that the sediments of the
two sub-bottom profiles are connected.
Therefore, the cores sample Acoustic Unit
W 1, which outcrop at the seafloor in this
. % area. R-3 and acoustic Unit 2 are marked
@ with question marks because the unit is
* acoustically stratified like Unit 2, but is
thicker than Unit 2 usually is, resulting in
an uncertainty to which acoustic unit it is.

o
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Figure 21. Isopach map of the total sediment thickness between the acoustic basement (S-1) to the seafloor
(multibeam bathymetry) in the main research area/core site SW of Fifang. A: Overview of the main research
area. B: Close-up of the total sediment thickness at the core site, with 5- 5.5 m thickness at the location of
core EL20-1GV07-1PC and 6.5 m at EL20-1GV07-2PC as well as EL20-IGV07-3GC.

3.2. Geotechnical analyses

All 3 cores that were collected in 2020 were logged on the MSCL. Core EL20-IGV07-1PC was further
opened for visual inspection and core EL20-1GV07-2PC was cut into samples which were used for
geotechnical tests. The consolidation test for sample EL20-1GV07-2PC-130-136 had the wrong
diameter value inserted to the control software, therefore the parameters obtained from the consolidation
test for this sample were calculated manually based on a corrected sample diameter according to the
calculations in Appendix B. This also resulted in the applied effective stress during consolidation of
sample EL20-1GV07-2PC-130-136 exceeding the maximum limit of the 4500 N load cell, which caused
the test to automatically end, and therefore the consolidation curve of the sample lacks an unloading
(recompression) line. The complete consolidation test data is provided in Appendix D.

3.2.1. Physical properties and lithology

The general pattern of the measured physical properties of the three cores is that bulk density and
magnetic susceptibility increase downcore while porosity decreases downcore, and at the bottom 0.5 m
of each core there is a distinct change in all the measured properties (Figure 22). Visual inspection of
core EL20-1GV07-1PC show that other than a thin surface layer of sandy, shell bearing silt, the entire
core is composed of varved glacial clays (Figure 23). This was also noted for core EL20-1GV07-2PC
during sample preparations. The varves compose of dark and light-colored layers that thicken up-core,
with section 2 (1.51-0.31 mbsf) comprising of ca 0.5 cm thick light layers and 0.1-0.3 cm dark layers,
while section 1 (0-0.31 mbsf) contain approx. 1 cm light layers and 0.3 cm dark ones. In the upper and
lower ca 20 cm of the core the varves are inclined (Figure 23) which also is seen in samples from both
core EL20-1GV07-1PC and EL20-1GV07-2PC (Figure 24A-C). In the bottom 0.5 m of each core the
physical property changes follow the same pattern, with the magnetic susceptibility increasing from ~
40-60 to ~80-90, the bulk density increasing from ~1.7-1.8 to 2-2.2 g/cm?and porosity decreasing from
~0.6 to 0.4 (Figure 25).
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The cores consist entirely of glacial clay belonging to the same lithologic unit, which is subdivided into
two sections: lithologic Unit 1A and 1B (Figure 25). These subdivisions are, however, not reflected in
the sediment of core EL20-IGV07-1PC, other than that the varves are tilted at a depth corresponding to
the top of 1B (Figure 25), while the rest of 1B (1.51 m to 1.79 m, Table 1) was cut at 1.51 m prior to
being split open (Figure 23). The general downcore changes in the physical properties are however
correlated to the downcore increase of silt in core EL20-1GV07-2PC (Table 3).

Magnetic Susceptibility Bulk density (g/cc) Fractional porosity
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Figure 22. MSCL measured magnetic susceptibility, bulk density (g/cm3) and fractional porosity for the
three cores retrieved outside of Fifang (EL20-1V07-1PC, 2PC and 3GC). The physical properties of the
cores have a similar pattern with the magnetic susceptibility and bulk density increasing downcore and
porosity decreasing simulateously. The lower 0.5 m of the cores show a distinct change in all the
measurements.

31



Core

depth 1PC- Section 1 1PC- Section 2
(mbsf) ) A A

0.92

Figure 23. Core EL20-IGVO07-
1PC (0-1.51 mbsf). The bottom
section of the original core
(being 1.79 m, table 1) is not
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geotechnical tests for a
university course outside of this
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Figure 25. Correlating the MSCL measured magnetic susceptibility and bulk density of the three cores with
regards to the inferred lithologic sub-units 1A and 1B. In sub-unit 1A the values increase slighly downcore and
in 1B a sharp increase occurs in all cores ca 0.5 m from the bottom of the cores.

Sample EL20-1GV07- EL20-IGV07- EL20-IGVO07- EL20-1GV07- EL20-IGV07- EL20-IGV07- EL20-1GV07-
2PC-SEC 2- 2PC-SEC 2-4-7 SEC 2-147-152- SEC 2-147-152- 2PC-SEC 3- 2PC-SEC 3- 2PC-SEC 3-136-
0-3 A B 120-125 130-136 142

Average

percentage clay 75 95 73 54 51 47 -

(0-4pm)

Average

percentage silt 25 5 27 26 49 53 )

(4-63pum)

Standard

deviation (%) 0.037 0.021 0.146 0.239 0.108 0.020 -

Average grain

density (g/cm?) 2.728 2.724 2.748 2.743 2.730 2.734 2.722

Standard
0.0052 0.0025 0.0015 0.0015 0.0016 0.0012 0.0012

deviation (g/cm?3)

Table 3. Grain size and grain density of core EL20-IGV07-2PC. The grain sizes found in core EL20-IGVV07-2PC are
within the size range of clay and silt (<4 - 63um), with no detected sand or larger sized material (> 63 pm). The grain
sizes generally increase downcore, with clay being highly dominant in the upper part of the core (75-95 % clay), and silt
slightly dominating in the bottom (49-53 % silt). The grain density is around 2.72-2.73 g/cm? at the upper and lower part
of the core, while the middle section of the core contains grain densities up to ~ 2.75 g/cm?.
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3.2.2. Consolidation test results

Virgin Compression Line (VCL) extraction

The consolidation plots show how the samples experience a rapid decrease, or collapse, in void ratio at
the curve break between the recompression line and virgin compression line (VCL), which mainly
affects the shallow samples (Figure 26 A-D) and become less prominent in samples from deeper within
the core (Figure 26E-F). This resulted in non-linear VCLs of the consolidation curves, as opposed to the
linear VCL of a textbook example sample (Figure 8). Despite using the log-log method to produce a
more linear VCL , a straight line could not be drawn between the load steps along the VVCL for the
shallow samples, due to their non-linear collapse in void ratio. Instead, a best fitting line for the VCL
was drawn from where the break in the consolidation curve was initiated to the maximum load step
(Figure 26A-D). The slope of this line represents the compression index (Cc) if the samples had
consolidated linearly along the VCL (Figure 26).

Pre-consolidation pressures and overconsolidation ratio (OCR)

The pre-consolidation pressures increase slightly downcore with values ranging from 45 to 100 kPa
(Figure 26, Figure 27). All pre-consolidation pressures exceed the estimated in situ downcore effective
stress (which was derived from the MSCL bulk density (Equation 7)). This implies that all the sediment
in the core is overconsolidated (Equation 9, Figure 27). Since the pre-consolidation pressures are derived
graphically there is a considerable degree of uncertainty regarding the accuracy of the individual values
of each sample. The average pre-consolidation pressure is 61 kPa and provides the best estimate for the
study area. This means that the maximum effective stress that the sediment has experienced in the past
is 61 kPa, which, by using the sample bulk densities of 1.79-1.44 g/cm?® (Table 3), corresponds to a past
burial depth of 8-14 m (Equation 6). Consequently, 8-14 m of sediment have been removed from the
location of core EL20-1GV07-2PC.

Void ratio, compression index and grain size

When comparing the consolidation test results, a striking observation is that differences in the
compression index (C.) and inferred void ratio upon deposition (e,) (Figure 26) appear to be strongly
controlled by changes in the clay and silt content of the samples. Higher silt content reduces e, and
lowers C. (Table 3). Samples that contain the highest clay fraction have experienced the highest void
ratio depletion since deposition (e,) and experience the most void ratio (e) loss, during the
consolidation test (Figure 26). It is evident that at any given effective stress (i.e. burial depth), the
samples with high clay content (75-95 % clay) have a higher void ratio (thus, higher porosity (Equation
5)) than the silt-enriched ones (~ 49-53 % silt) (Figure 28A).

Void ratio, hydraulic conductivity, and grain size

By plotting the hydraulic conductivity (k) and void ratio (e) at the load steps along the VCL, the k- e
relationship during sediment compression is derived (Figure 28B). It shows that, generally, for any given
void ratio (e) the hydraulic conductivity is higher for the samples with a higher fraction of silt (Figure
28B).
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Figure 26. Consolidation curves of the samples from core EL20-1GV07-2PC, plotted on logarithmic axes. They
are plotted with the fitted recompression line and virgin compression line (VCL) annotated with their
corresponding slopes (recompression index (C,) and compression index (C,) respectively), and the deduced
pre-consolidation pressure (o), void ratio at the pre-consolidation pressure (e,) and initial void ratio upon
deposition (e,) (Table 4), according to the graphical log-log method . The shallower samples from section 2
(A-D) experience a larger void ratio loss (including a rapid collapse in void ratio at the curve break after the
pre-consolidation pressure is met) during the consolidation test than the deeper samples in section 3 (E-F). This
results in the shallower samples having a steeper VCL and higher compression index than the deeper samples.
The void ratio upon deposition (e,) is much higher for the shallow samples and decreases notably downcore.
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Figure 27. Interpreted acoustic unit, lithologic unit, stratigraphic interpretation and sediment physical properties
of core EI20-1GV07-2PC, retrieved outside of Fifang (Figure 12B). The MSCL derived magnetic susceptibility
and bulk density increase gradually downcore while porosity decrease downcore. The grain size measurements
are summarized in Table 3, and indicate a gradual downcore increase in amount of silt. The yellow triangles
show the depths of the consolidation samples with their determined pre-consolidation pressures and sample
names annotated, and the MSCL derived in-situ effective stress at various core depths is shown in the same plot
(black descending line). All pre-consolidation pressures plot at higher stress values than the in-situ effective

stress, indicating that they are overconsolidated (OCR>1) (Table 4).
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ratios and the highest amount of void ratio loss as the effective stress (burial depth) increases, compared to the
silt-enriched samples which contain a lower void ratio as well void ratio loss throughout the test. At a specific
effective stress, the void ratio is higher for the clay-rich samples than for the silt-enriched samples. B: A log k-
log e plot showing the load steps along the virgin compression line (VCL) of all samples. At any void ratio the
clay-rich samples have a lower hydraulic conductivity than the silt-enriched samples. The combination of A
and B shows that at any effective stress (burial depth) the silt-enriched samples have a lower void ratio, but at
any void ratio they have a higher hydraulic conductivity than the clay-rich sediment.

3.2.3. Modelling in-situ porosity and hydraulic conductivity

To explore the groundwater flow velocities that can be generated through the outcropping glacial clays
and assess if internal erosion can occur at the terrace site, the hydraulic conductivity and porosity of the
sedimentary column are required (section 1.2.2).

Since at a given burial depth the clay-enriched samples will have a higher void ratio than silt-enriched
samples (Figure 28A) but at any given void ratio the clay-enriched samples have a lower hydraulic
conductivity (Figure 28B), these two properties may counteract, and in the end, the in-situ permeabilities
of the two grain sizes may be quite similar despite their different properties. Nevertheless, due to the
grain size variability seen in the varved glacial clay sequence, and their influence on compression and
permeability, no single function can be used to predict the porosity and hydraulic conductivity at depths
that extend below the lowermost recovered sediments. To overcome this, two end-member models are
developed from a clay rich sample (EL20-1GVV07-2PC-SEC 2-0-3) and a silt rich sample (EL20-IGVO07-
2PC-SEC 3-130-136) (Table 3).

The effective stress at the sea floor was set to the average pre-consolidation pressure of the core (61
kPa). The log void ratio (e) - log effective stress (o', relationship was defined along the VCL of each
end-member sample (Figure 26A and F) and the void ratio corresponding to the initial effective stress
(61 kPa) at the seafloor was obtained by:

e = 10(Cclog (a'p)+log (o)) (10)

from which the corresponding porosity (¢) was derived (Equation 5).

Using the porosity (&), sample grain density (pg) (Table 3) and fluid density (pf) of 1 g/cm?, the bulk
density (pg) at the seafloor was calculated using:

pg = pc(1 — ) + prd (11)

The corresponding hydraulic conductivity was calculated from the exponential equations defining the
log hydraulic conductivity-porosity relationships for each endmember along the VCL (Figure 29). The
final porosity-depth and hydraulic conductivity-depth models were extended in 1 m increments to a
depth of 30 m, providing estimates of the in-situ porosity and hydraulic conductivity for clay-rich and
silt-rich samples (Figure 30). A depth of 30 m is arbitrarily selected for illustrative purposes and shows
how at any given depth the porosity of the silt enriched samples is lower, but that the hydraulic
conductivity indeed remains higher than the clay-rich samples (Figure 30).
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Figure 29. The clay-endmember samples plotted on log hydraulic conductivity (k, m/s) - porosity graphs,
showing the best fit equations for the relationship between hydraulic conductivity and porosity for each sample.
A: The clay-enriched endmember (EL20-1GV07-2PC- SEC 2-0-3), the best fit equation has an R-value of ~
0.97 yielding a good fit between the samples. B: The silt-enriched endmember (EL20-IGV07-2PC-SEC 3-130-

136) having a best fit with a lower R-value of ~ 0.65.
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Figure 30. Graphs showing the extended porosity-depth and hydraulic conductivity-depth models for
the two clay-endmember samples, where sample EL20-IGV07-2PC- SEC 2-0-3 represent a clay-
enriched endmember and sample EL20-IGVO07-2PC-SEC 3-130-136 represent a silt-enriched
endmember. The depth scale represents meters below the seafloor. A: The difference in porosity with
depth between the endmembers is consistent, with the clay-enriched endmember having ca 20 % higher
porosity than the silt endmember throughout the profile. B: The hydraulic conductivity is higher for
the silt-enriched sample throughout the depth profile, with almost an order of magnitude higher k at
the seafloor, while the difference between the endmembers decrease downcore.
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Sample ID | Interval Depth PE Ps G, a'p ep OCR Cc C, ey Clay  Silt
(em) (mbsf)  (g/em®)  (gfem®)  (kPa)  (kPa) (%) (%)

EL20-1GV07- 0-3 0.99 1.44 2.73 6.85 45 2.8 6.57 -0.304 -0.013 8.87 75 25

2PC-SEC2-0-3

EL20-1GV07- 4-7 1.03 1.51 2.72 7.10 50 2.5 7.04 -0.352 -0.008 9.92 95 5

2PC-SEC2-4-7

EL20-1GV07- 147-152 2.46 1.65 2.75 18.61 45 1.7 2.42 -0.246 -0.020 4.32 73 27

SEC2- 147-

152-A

EL20-1GV07- 147-152 2.46 1.59 2.74 18.61 45 1.89 2.42 -0.239 -0.011 4.66 54 46

SEC2- 147-

152-B

EL20-1GV07- 120-125 3.71 1.74 2.73 28.93 60 1.36 2.07 -0.190 -0.015 2.95 51 49

2PC-SEC3-

120-125

EL20-1GV07- 130-136 3.81 1.85 2.73 29.91 80 1.15 2.67 -0.188 -0.024 2.58 47 53

2PC-SEC3-

130-136

EL20-1GV07- 136-142 3.88 1.79 2.72 30.57 100 1.26 3.27 -0.135 -0.018 2.04 -

2PC-SEC3-

136-142

Table 4. Consolidation samples and summary test results. pg is the bulk density of the saturated sample prior to consolidation
testing, calculated from the volume and mass of the sample. pg is the measured grain density of the dried trimming of the sample.
o', is the estimated in-situ effective vertical stress at the location of the sample, which was calculated from the MSCL measured
bulk density. ¢’'5 is the graphically derived pre-consolidation pressure according to the log-log method . e; is the corresponding
void ratio at the pre-consolidation pressure. OCR is the overconsolidation ratio. C, is the compression index, which is the slope of
the VCL. C, is the recompression index, which is the slope of the recompression line. e, is the void ratio upon deposition,

corresponding to an effective vertical stress of 1 kPa. The percentages of silt and clay are summarized from Table 3.

4. Discussion

4.1. Correlating the acoustic units, the lithologic unit, and the Baltic Sea sedimentation
history.

The digitized reflector 1 (R-1) marks the acoustic basement, which is interpreted as the bedrock or till
overlying the bedrock. The presence of sandy till on the islands indicate that till could be present at the
bottom of the seafloor since the islands were below sea level when the till was deposited (Figure 6B).
The layer of till probably originates from when the Fennoscandian Ice Sheet (FIS) retreated in
oscillations during the deposition of the Middle Swedish End Moraine Zone (12.9-11.7 cal. ka BP)
(Figure 4A). However, the presence of older till from previous glaciations cannot be excluded. Acoustic
Unit 1, with its continuous and pronounced acoustical stratification, is interpreted to be varved glacial
clay. This interpretation is supported by the observations of the sediment cores, which were retrieved
from acoustic Unit 1 (Figure 20), as they all have similar physical properties, are generally correlatable,
and are composed of varved glacial clays (Figure 23 and Figure 25). Lithologic Unit 1B, which marks
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a distinct increase in bulk density and magnetic susceptibility in the bottom 0.5 m of the cores, correlate
to a general downcore coarsening of the grain sizes with the highest silt fraction in lithologic Unit 1B
(Figure 27). This is interpreted as the oldest, most coarse-grained glacial clay, which was deposited
closest to the retreating ice margin, while the up-core finer grained sediments reflect an increased
distance to the ice margin as the ice retreated northwards (Andrén, et al., 2011 and Swaérd, et al., 2018).
This grain size distribution is further seen in acoustic Unit 2, where the acoustic stratifications are like
that of acoustic Unit 1, but often with weaker amplitudes, which may reflect a finer grained glacial clay,
indicative of a distal ice margin. Acoustic Unit 3 is acoustically stratified in the lower section with
generally no internal parallel reflections upwards. This unit may have been deposited during the Yoldia
Sea (YS) stage when sedimentation rates increased rapidly and the ice margin retreated fast , resulting
in a thicker varved clay at the bottom of the unit and a more homogeneous, fine grain size deposition
further up, likely also containing postglacial clay as it started to deposit toward the end of the YS stage
. Acoustic Unit 4, being the thinnest unit, is interpreted to compose entirely of postglacial sediments
such as gyttja clay, which continues to build up today.

The presence of glacial clay and postglacial sediments on the islands, particularly on Askd, indicate that
the islands were submerged for a long time before emerging due to isostatic uplift, and the exposed
bedrock on the islands indicate that extensive erosion has taken place since (Figure 6B). This is also
evident from the samples from core EL20-1GV07-2PC which all show a state of overconsolidation
(Figure 27), indicating that these glacial clays were more deeply buried in the past and have been subject
to somewhere between 8 and 14 meters of erosion/overburden removal (section 3.2.2). The thickness of
this eroded sediment correlates with the isopach of the combined acoustic Units 2, 3 and 4 in the deep
waters of the survey area (10-20 m) (Figure 18B), which further suggests that erosion due to uplift have
allowed the glacial clay to be exposed at the seafloor in near-shore areas, and a hydraulic head between
the land- and sea-based glacial clays may have formed, allowing the clay to serve as a groundwater
conduit (Virtasalo, et al., 2019 and Jakobsson, et al., 2020). This is indicated by the presence of terraces
in the near-shore areas, as well as terraces only occurring in glacial clay (Figure 5 and Figure 15).
However, the exposed bedrock on the shores of Fifang or Asko (Figure 6B) speaks against a connection
between the terrestrial and marine glacial clays through which the groundwater can flow. The tilted
glacial clay varves, which are found in the sediment cores of this project (Figure 23 and Figure 24) as
well as in other cores that have been retrieved in the area , could be the result of isostatic uplift causing
the sediments to tilt as the bedrock and overlying sediments were rearranged by fracturing and folds
from the movement.

4.2. Indications for groundwater flow through silty layers in varved glacial clay.

The hypothesis of this project was that groundwater travels from land through more permeable zones in
the glacial clay and discharges at the seafloor to form terraces by erosion. Geotechnical tests have
established that silt-enriched samples have higher permeability than the clay-enriched ones for a given
porosity and that the compression behaviour and permeability/conductivity appear to be heavily
dependent on grain size. The same conclusions were made by Schneider et al. (2011) in a study of
laboratory mixed sediments composing of glaciomarine Boston Blue Clay and various amounts of silt-
sized silica, who explained this phenomenon using a dual porosity system of clay and silt. They argue
that the contact between silt grains creates silt bridges, which prevent the clay particles within the silt
arrangement from being consolidated, consequently creating larger pore spaces within the matrix of silt
grains that allow for enhanced fluid to flow through the sediment. This results in a higher hydraulic
conductivity for silt-enriched compared to clay-enriched sediment at a specific porosity. The
geophysical mapping has shown that the terraces exclusively form in glacial clay where it outcrops at
the seafloor. Theoretically, this supports the hypothesis that fluid flow is more likely to be constrained
within the silty layers in the varved glacial clay and that where the overlying sediment (glacial and
postglacial) has been eroded fluids can discharge at the seafloor to form terraces.
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However, direct lateral groundwater flow through the glacial clay from onshore Fifang to the core site-
terraces is unlikely because the glacial clay sediments are discontinuous from land to sea (apart from a
few locations away from the coring site), and instead bedrock outcrops all the way to the sea closest to
the core site (Figure 6B). This is also evident from the glacial clay in the core site being constrained
within a depression in the bedrock from which the clay is cut off from Fifang (to the east) by the acoustic
basement (Figure 19). Another potential contradiction to the proposed lateral flow path is that the
terraces are often accompanied by blanked areas in the sub-bottom profiles that emerge upwards from
the acoustic basement (Figure 15). These blanks are here suggested to indicate upward migration of
groundwater, as they resemble the suggested groundwater conduits found in sub-bottom profiles in south
Finland , which were interpreted to indicate an upward flow path. The fluids appear to be consistently
found within the glacial clay and cease in the overlying units, which could imply that the fluids mainly
penetrate the coarser, deeper situated varved clay, but not the overlaying finer glacial and postglacial
clay.

Therefore, apart from lateral groundwater flow, vertical, or near-vertical groundwater flow through the
glacial clay must be considered when modelling the groundwater flow path through the sediment. In
both scenarios the groundwater could initially be transported through fractures in the bedrock or through
a potential till-layer draping the bedrock (in either case we assume that this media is perfectly
transmissible) before entering the glacial clay.

4.3. Groundwater flow calculations

With Darcy’s law of laminar flow in porous media we can evaluate if the hydraulic conductivity of the
sediment is high enough for groundwater to erode them and initiate formation of the terraces. As
described in section 1.2.2, erosion occurs when a sediment is exposed to a critical fluid velocity (vc)
which causes a shear stress that exceeds the shear strength of the sediment. According to Darcy’s law,
the velocity of fluids travelling through the pores in the sediment, the seepage velocity (vs, m/s), depends
on the change in hydraulic head (dH, m) per unit length (dL, m) in the direction of the flow in an
isotropic aquifer (dH/dL) and the hydraulic conductivity (k, m/s) and porosity (¢) of the sediment
(Holtz, et al., 2011):

dH

k_
vy = % (12)

To apply this equation, an average value of the hydraulic conductivity and porosity of the sediment are
derived from the silt- and clay-rich end member models, while estimates of dH and dL are obtained
from the mapped locations of the terraces, and thickness of the underlying the sediments.

4.3.1. Variables for Darcy’s Law

dH

Assuming groundwater can flow through the varves anywhere within the glacial clay column, the change
in hydraulic head (dH) is the difference between the elevation of the sea surface (H:) and the elevation
of the groundwater table (H) (Figure 31). According to the initial reported values of the groundwater
table on Fifang based on SGU (2021), the groundwater table is exceptionally low (26 mbsl) compared
to the nearby islands (Figure 5). The low reported values from SGU could have been a temporary
anomaly as the groundwater level could have been downdrawn from pumping or from being measured
directly after drilling of the well before being filled, for example. Instead, assuming that the groundwater
table is like that of the other islands, the groundwater table is around the same level as the sea surface
(Figure 5), which results in a dH of 0 m and no possible fluid flow. However, the personnel of the Baltic
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Sea Centre at Asko recently went to the well on Fifang to observe the water level in the well (in Feb,
2022). They observed a water level some 0.5-1 m below ground (Eva Lindell personal communication),
which is significantly different from SGU’s reported levels. This would correspond to a groundwater
table of 5-5.5 masl as the elevation of the ground at the well is 6 masl (Figure 5). Furthermore, as
groundwater levels fluctuate by at least 2 m throughout the year (according to the closest located
measuring station in Sandvik, ca 8 km north of the study area (Appendix E) (SGU, 2021), and since the
reported groundwater tables differ, an arbitrary groundwater table range between 1-25 masl is chosen to
represent the change in hydraulic head (dH) for the groundwater flow calculations (Figure 31).

dL

The distance over which the groundwater travels is different for the two flow scenarios (Figure 31). The
lateral flow model will have a dL of 325 m, which equals to the distance between core 2PC and the
shore of Fifang (Figure 9). This is calculated from the shore as the glacial clay does not extend onto
Fifang. The vertical flow model will have a dL of 6 m, corresponding to the average thickness of the
sediment at the core site (Figure 21), but assumes there is no hydraulic head lost as the groundwater
travels through the highly permeable bedrock and/or till.

Hydraulic conductivity (k) and porosity (¢)

From the geotechnical tests and the modelled hydraulic conductivity and porosity with depth for the two
clay endmembers (Figure 30) it is evident that the small grain size changes need to be considered when
modelling the potential groundwater flow through the sediments in the area. Therefore, the silt and clay
endmembers are used to define the permeability and porosity of the sediment, based on their average
values over the depth of the sediment thickness of 6 m. The resulting average numbers are: Kejay = 3.7x10°
0 m/s, eiay=0.7 and ksiit = 1.0x10™° m/s, ¢si=0.53.

Seepage velocity (vy)

To know if the calculated seepage velocities are high enough to erode the endmember sediments, critical
velocities for internal erosion of silt and clay sized sediment, based on different literature sources, have
been summarized (5). The minimum critical velocity to erode clay is 0.0019 m/s, while the minimum
critical velocity to erode silt is 0.0012 m/s, meaning that a slightly lower fluid velocity is required for
erosion of silt. The deductions of the given critical velocities are specified in Table 5 and were either
provided directly in the literature (Maslov, 1968; Justin, 1923; Richards & Reddy, 2012; Bonelli, et al.,
2007 and Guidoux, et al., 2010) or calculated based on the equations provided in the literature (5).

Sediment Mean grain Literature
classificat 8 v.(m/s) Velocity equation/source of numbers

) size (mm) source

ion

Clay 0.001-0.005 0.02-0.12 Table 11 ( numbers from Maslov, 1968 and Justin, 1923) Briaud, et al.
Silt 0.005-0.05 0.12-2.19 (2019)

Clay 0.0016 0.22 (1) v. (m/s) = 0.1(mean particle size,mm) %12 Briaud, et al.
silt 0.0093 0.18 (2019)

Clay 0.0016 4.36 (2) v, (m/s) = Briaud, et al.
Silt 0.0093 1.07 2.518x1073(PC 2%) (W C2%9%) (Su®5' kPa)(mean particle size **mm)0.8  (2019)
Clayey CL-ML 0.0019 Table 5 (Darcy's law - Critical dH/dL of CL-ML= 1.61; critical dH/dL of ML= 3.77) Richards and
silt Reddy (2012)
Silt ML 0.0012

Clay 0.0016 0.01 Figure 3 Bonelli, et al.
Silt 0.0093 0.2 (2007)

Clay 0.004 >0.08 Table 4 Guidoux, et al.
Silt 0.056 0.02 (2010)

Table 5. Summary of critical velocities (v¢ ) for internal erosion of clay and silt sized sediment, according to
various authors. The minimum critical velocities were estimated at 0.0019 m/s for clayey silt and 0.0012 m/s
for silt based on Darcy’s law calculations . The mean grain sizes are provided from the literature except for the
grain sizes providing the equations 1 and 2 (Briaud, et al., 2019) where the average grain size of the endmembers
was used. The parameters for equation 2 is percentage clay (PC), percentage water (WC), mean grain size of
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the endmember samples of this project, undrained shear strengths (Su) were calculated using the SHANSEP
equation (Su (kPa) = a * OCRP  ¢',,), where the endmember OCR values and MSCL derived in-situ effective
stress o', at the depths of the samples (Table 4), and the constants a=0.22, b=0.8 were used and resulted in Su
values of 14.5 kPa for silt and 6.8 kPa for clay.

= Groundwater table
|:| Varved glacial clay dL=325m

] i
Il Bedrock

A
b

Sea level

SGD  Terrace
|

Figure 31. Sketch of the estimated groundwater flow path through the bedrock and varved glacial clay from
Fifang shore to the terraces. The dimensional parameters for calculating the fluid flow through the glacial clay
using Darcy’s law are presented. Hy is the elevation of the sea level above a reference datum (which is set to
the bottom of the glacial clay column), H; is the elevation of the groundwater level above the reference datum,
dH is the difference between H; and Hy, equivalent to the elevation of the groundwater level above the sea level.
dL for lateral groundwater flow (a) is the distance between the shore and the terrace at 325 m (Figure 9), dL for
vertical or near-vertical/diagonal groundwater flow (b) is the distance the water travels through the glacial clay,
which is 6 m (Figure 21).

4.3.2. Calculations

The lateral seepage velocities (Vs qterqi) 9enerated through the clay-endmember sediment are between
1.5x10*2 and 4x10* m/s, while through the silt-endmember sediment the velocity range is 6x10? to
1.5x10"° m/s (Equation 12, Figure 32A). The vertical seepage velocities (Vg yerticar) in the clay-
endmember sediment range between 9x10** m/s and 2x10° m/s, while through the silt-endmember
sediment reaching values from 3x10° to 8x10° m/s (Equation 12, Figure 32B). In both flow scenarios,
for a specific hydraulic gradient (dH/dL), the silt-enriched endmember allows for higher seepage
velocities than the clay-enriched one with the vertical flow model through silty sediment yielding the
highest velocity of 8x10° m/s (Figure 32). This corresponds to 2.5 m/year. However, the velocities are
orders of magnitude too low to cause erosion (Table 5).
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Figure 32. Calculated ranges of seepage velocities (vs) (m/s) and corresponding hydraulic gradients (dH/dL) for
the lateral (A) and vertical (B) groundwater flow models (Figure 31), for the clay-enriched and silt-enriched
endmembers based on Darcy’s law (Equation 12), using the average hydraulic conductivities and porosities
over a 6 m depth (Figure 30). The gray areas mark the lowest and highest velocities of both clay endmembers
and the corresponding range in hydraulic gradients. The vertical flow model (B) allows for a higher seepage

velocity than the lateral model (A).

As neither lateral nor vertical flow is sufficient to erode the sediment with the given variables, the change
in hydraulic head (dH) required to erode the sediments can be calculated based on their critical velocities
(Table 5). Figure 33 illustrates the calculated range of dH/dL for each endmember based on an arbitrarily
seepage velocity range of 0.000001-10 m/s according to v (m/s) = k (dH/dL) (Equation 12,). The shaded
area marks the combined range of the critical velocities required to erode the clay and silt (Table 5) and
their corresponding hydraulic gradients (Figure 33). The minimum required gradient to reach the critical
velocities required to erode the sediment is 1x10° which corresponds to a minimum dH of 3x10® m for
lateral flow and 6x10° m for vertical flow (dH=(dH/dL)*dL). These hydraulic heads are many orders of
magnitude too high. For lower hydraulic gradients to be able to yield the critical velocities required to
erode the sediments, the permeability needs to be substantially increased.
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Figure 33. Seepage velocity (vs)
vs hydraulic gradient (dH/dL)
graph where the endmember
samples are plotted for velocities
between 1x10® and 10 m/s based
on their hydraulic conductivities
(k) according to v (m/s)= k
(dH/dL). The grey area shows the
range of critical velocities (vc)
required to erode clay and silt
according to Table 5, and the
corresponding range of hydraulic
gradients (dH/dL), with values
between 1x10° and 1x10%°. The
minimum velocity and dH/dL
required to erode the sediment is
0.001 m/s and 6x10% which
corresponds to an unrealistically
high dH of 3x10% m.
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4.4. Sensitivity analysis to theoretically increase the silt content to enhance the
hydraulic conductivity.

Since the permeability/ hydraulic conductivity increases with increased silt concentration, a sensitivity
analysis is made to see if the hydraulic conductivities at increased hypothetical silt contents from 60 to
100% can generate fluid flows that are sufficient to erode the sediments. This is achieved by 1)
estimating the hydraulic conductivities that are required for erosion to occur in the two lateral and
vertical flow scenarios, and 2) calculating if an increase in silt content could produce that level of
hydraulic conductivity.

The minimum range of hydraulic conductivities required to erode silt in each flow scenario (lateral and
vertical) was calculated by k (m/s) = vJ/(dH/dL) (Equation 12 rearranged without porosity), where the
critical velocity (v¢) is the minimum critical velocity required to erode silt (=0.001 m/s) (Richards &
Reddy. 2012, Table 5), dH is a range from 1-25 m and dL= 325 for the lateral flow model, and 6 m for
vertical flow model (Figure 34). The estimated minimum required hydraulic conductivity needed to
cause erosion of silt is 1.3x102 m/s for lateral flow and 2.4x10* m/s for vertical flow (Figure 34). The
hydraulic conductivity that Richards & Reddy (2012) used for their calculations that resulted in a critical
velocity of 0.001 m/s is within this range (Table 5), but according to a table of permeabilities from
Freeze & Cherry (1979) (Figure 35), these values rather correspond to the hydraulic conductivity of
sand and not clay. This indicates that the minimum critical velocity of 0.001 m/s from Richards & Reddy
(2012) may be too low to represent erosion through silty varves in glacial clay.

1.E+01

Figure 34. The range of required
hydraulic conductivities (k) to erode

1.E+00 silt based on the minimum critical
velocity to erode silt of 0.001 m/s

1.E-01 Lateral groundwater flow (Table 5) for the lateral (dL.=325 m,

' dH=1-25 m), and vertical (dL=6 m,

- dH= 1-25 m) flow model. The highest
£ 1602 dH/dL require the lowest k to yield

_ the critical velocity of 0.001 m/s, with
Vertical groundwater flow  the vertical flow model requiring the

1.E-03 lowest k of 2.4x10* m/s.

1.E-04

1.E-05
0.0001 0.001 0.01 0.1 1 10 100

dH/dL

The best fit equation for the k-¢ relationship along the VCL for each consolidation sample (as done in
Figure 29) was used to estimate the hydraulic conductivities of the samples at arbitrary porosities of 0.5,
0.7 and 0.9 (Table 6A). Then the relationship between all the samples’ estimated k- at a specific porosity-
and their measured silt content was obtained (Figure 36). The resulting best fit equations from each
graph (Figure 36A-C) represent the relationship between the hydraulic conductivity and silt content at
a specific porosity throughout the core and were subsequently used to calculate the hypothetical
hydraulic conductivities at increased hypothetical silt contents from 60 to 100 % (Table 6B). The results
show that the hydraulic conductivity is that of silt (10-° m/s, Figure 35) when either the porosity is > 0.7
with a silt content >27 % (Table 6A), or when the porosity is >0.5 and the silt content exceeds 70 %
(Table 6B). But even at 90% porosity and 100% silt, the hydraulic conductivity of 8.12x107 m/s (Table
6B) remains too low to yield a minimum critical seepage velocity of 0.001 m/s based on the hydraulic
gradients in the study area (Figure 34). Therefore, based on these calculations the velocities of water
through the silty varves in the glacial clay in the research area will not be high enough to cause erosion
if driven by the hydraulic head imposed by the local groundwater table. According to Figure 34 (where
the minimum critical velocity corresponds to a minimum k of 10* m/s) and Figure 35, for erosion to
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occur in the research area the sediment would need to be silty sand or larger sized material (with k=>10"
4 m/s).
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A | Measured Sample ID k (m/s) using ¢» = 0.5 k(mfs)atp=0.7 k(m/s)at¢p=0.9
fractional %
silt
0.25 ELO-IGV07-2PC-SEC 2-0-3 1.57E-11 3.48E-10 7.72E-09
0.05 ELO-IGV07-2PC-SEC 2-4-7 4.11E-11 8.70E-10 1.84E-08
0.27 ELO-IGV07-2PC-SEC 2-147-152-A 2.30E-10 2.48E-09 2.68E-08
0.46 ELO-IGV07-2PC-SEC 2-147-152-B 1.34E-10 2.48E-09 4.61E-08
0.49 ELO-IGV07-2PC-SEC 3-120-125 3.90E-10 6.12E-09 9.59E-08
0.53 ELO-IGV07-2PC-SEC 3-130-136 6.75E-10 9.66E-09 1.38E-07
- ELO-IGV07-2PC-SEC 3-136-142 9.38E-10 1.10E-08 1.29€-07
B | Hypothetical k (m/s) at ¢ =0.5 k(m/s)atd=0.7 k(m/s)atd=0.9
fractional %
silt
0.6 6.02E-10 8.78E-09 1.28E-07
0.7 1.06E-09 1.47€-08 2.03E-07
0.8 1.87E-09 2.46E-08 3.22E-07
0.9 3.31E-09 4.11E-08 5.12E-07
1 5.83E-09 6.88E-08 8.12E-07

Table 6. Measured and hypothetically calculated silt contents (%) and corresponding hydraulic conductivities
(k) at specific arbitrary porosities (¢). A: The consolidation samples from which grain size measurements were
made (Table 3) with the measured % silt for each sample and their estimated hydraulic conductivity (k) for a
specific porosity (calculated from the k- ¢ relationship along the VCL of each sample) . B: Hypothetical values
of increased silt (%) and the corresponding hydraulic conductivities at specific porosities (calculated from the
best fit equation between the estimated k-values for the samples at specific porosities and their measured silt %
from Table 6A (Figure 36)).
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Figure 36. The relationship between the estimated hydraulic conductivities (k) of the samples and their
measured silt % for a hypothetical porosity of 0.5 (A), 0.7 (B), 0.9 (C), with values obtained from Table
BA.

4.5. Permeability and other suggested groundwater flow paths

Anisotropy

Another aspect where the hydraulic conductivity/permeability is enhanced is to consider anisotropy in
the sediment along the varved layers in the glacial clay . Fluids will flow more easily along the varved
layers than across them. The one-dimensional consolidation test, which was used for this project,
measures the vertical hydraulic conductivity in the direction of the applied stress. Thus, when a varved
clay is consolidated, the permeability is measured across the layers, giving a lower value than if
measured horizontally along the varved layers. For this reason, the hydraulic conductivities that were
measured and used for the groundwater flow calculations may be underestimated. However, as the
varves have shown to be tilted in cores EL20-IGV07-1PC and EL20-IGV07-2PC (Figure 24), the
measured hydraulic conductivities may represent an average of the vertical and horizontal permeability
of the sediment. Nevertheless, to obtain the real permeability parallel to the varves, other consolidation
tests would need to be used where drainage is only permitted in the horizontal direction. These
anisotropy measurements would need to be made on samples where the varves were horizontally
oriented and not inclined. This could be established by x-raying the cores prior to selecting sample
locations.

Fractures and piping erosion

Higher permeability could also come from the presence of fractures in the sediment, through which the
groundwater could flow . These fractures could have arisen during isostatic uplift, from reactivation of
pre-existing older faults in the bedrock by rapid ice retreat , as suggested for groundwater flow in Lake
Vattern . On Fifang there are NW-SE trending fault zones (Figure 6A), which potentially could serve as
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groundwater conduits if they are open and allow for piping erosion along the walls of the fractures,
which in turn will increase the permeability further (Bonelli, et al., 2013; Werner, et al., 2020). However,
fractures do not necessary yield higher permeability as they can also serve as barriers to fluid flow ,
therefore further investigations of the fault system in the research area are necessary to consider this
potential flow path. Piping erosion could also have formed in the grain contact between the silt-rich and
clay-rich varves of the glacial clay, through which the water is channelized with higher velocity than
within the porous network of the silt. Holes in the terraces support such a theory (Figure 11), however
it is highly speculative and further investigations of piping erosion is needed to accurately evaluate this
form of erosion in the area.

Suggested flow path

As the hydraulic conductivity to erode the sediments needs to be in the range of 102 m/s for horizontal
flow and 10 m/s for vertical flow (Figure 34), which equals to that of sand or higher (Figure 35) the
suggested flow path for SGD at the terraces is initially laterally, either through a till/sand layer which
drapes the bedrock or in the interface between glacial clay and bedrock (if till is not present), or laterally
through fractures in the bedrock, and subsequently ascending vertically through fractures in the glacial
clay or through pipes in the tilted varves (Figure 31). Similar fluid flow paths have been suggested by
other studies where the groundwater system is suggested to transport laterally through glaciofluvial
deposits and discharge vertically through faults (Berndt, 2005; Preto, et al., 2019) or where the
overburden sediments with low permeability are thinner (Hillman, et al., 2015; Preto, et al., 2019;
Virtasalo, et al., 2019). The presence of terraces and fluids in the glacial clay and absence of both in the
overlying sediments in deeper waters (Figure 15), indicate that the overlying younger sediments act as
a cap on top of the glacial clay, which prevents the water from escaping. Therefore, even though erosion
of the terraces from groundwater flow through the porous network of silty varves around Fifang is
unlikely, channelized fluid flow and piping erosion through the varved glacial clay and through fractures
remains possible.

An alternative source of the upwelling fluids potentially seen in sub-bottom profiles could be by seepage
of over pressurized fluids or gas, or from salinity driven convection cells (Goff, et al., 2019 and
Gustafson, et al., 2019). Thus, any water emerging from the sediment could be old (from the last glacial
maximum) and therefore not primarily driven by the hydraulic head of the local groundwater water
table.

5. Conclusions

e The terraces in the survey area exclusively form in glacial clay where overlying glacial and
postglacial sediments have been eroded. Erosion likely occurred due to isostatic uplift after the
retreat of the Fennoscandian Ice Sheet. This is supported by the measured overconsolidation
ratio (OCR) on the consolidation samples, which indicate that 8-14 m of sediment have been
eroded.

e Geotechnical tests show that there is a strong correlation between grain size, hydraulic
conductivity, and porosity. Generally, at a given effective stress (burial depth) the silt-enriched
sediment will have a lower porosity/void ratio than clay-enriched sediment, but at a given
porosity/void ratio the silt-enriched sediment will have a higher hydraulic conductivity. Despite
a lower porosity at a given burial depth, the silt-enriched endmember retains a hydraulic
conductivity that is about 1 order of magnitude higher than the clay rich endmember.

e Based on the geophysical mapping, the terraces near Fifang are probably the most likely to
generate groundwater flow in the survey area as they are closer to the shore than the other
terraces in the area (Figure 5), which yields higher hydraulic gradients. Nevertheless,
calculations using Darcy’s Law illustrate that neither lateral nor vertical groundwater flow can
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likely attain velocities to cause erosion of the glacial clays. The generated seepage velocities,
based on the dimensions of the proposed area of groundwater flow, and the hydraulic
conductivity and porosity of the sediment, are not high enough to reach required critical
velocities that are reported in the literature for fine-grained sediments.

Suggestions for future work

A suggestion for future work is to investigate groundwater channelized through fractures and piping
erosion in the sediment to better constrain the critical velocities required for erosion. To test this requires
other experimental tests (piping tests). Another suggestion is to investigate the permeabilities of the
terrestrial part of the groundwater path to complement the findings of this study. This includes to
investigate the local fault zones and conduct new groundwater measurements on Fifang, preferably on
several locations as Fifang has two bedrock regimes that could alter the capacity to store groundwater.
The anisotropic permeability of the glacial clay could be investigated by laterally drained consolidation
tests if the orientation of the varves could be established prior to sampling using x-radiography.
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Appendices

Appendix A- OpendTect detailed method

Software nomenclature

OpendTect is a software that was developed to first and foremost handle 3D-seismic data, while the
collected multibeam echo soundings and sub-bottom seismic profiles provide 2D-seismic data. For this
reason, the nomenclature in OpendTect is used for 3D-seismics and several terms are different from
what is used when handling 2D-seismics. In the following section some terms that are essential for
understanding the OpendTect software are briefly described.

Inlines, crosslines and z-lines refer to the lines that make up a 3D-data set in the form of a cube. The
inlines refer to the boat track direction during profiling while crosslines are perpendicular to the inlines.
The z-line dimension corresponds to the depth in either distance or time. For sub-bottom profiling only
the inlines and z-lines contain data while multibeam surveys contain data in the crossline direction and
inline direction. However, as the data gathered for this project was in 2D, the sub-bottom lines/profiles
were imported as 2D-seismic lines with their directions in cartesian coordinates (X, y, z) and not as
inlines or crosslines.

Survey steps refer to the resolution of the data, where the number of steps correspond to the range of
data to be included in the project. For steps regarding inlines and crosslines, a step of, for example, 10
means that there will be data input every tenth inline and crossline. For steps on the z-line, a step of 10
means that every 10" unit of distance or time, data input occurs. The survey setup of the project had an
in-line and crossline range step of 1, and a z-range step of 0.1ms.

Bins are areas along the lines in which the data is sorted into. The amount of data that gets sorted into
one bin depends on how big you set the bin to be. In this project the inline/crossline bin size was set to
1 m/line.

Surface gridding with LTPS

All algorithms available in the plugin (LTPS, multilevel B splines, inverse distance weighted, nearest
neighbor) were tested by gridding the surface of the seabed reflector and comparing it to the
multibeam bathymetry grid, whereby Local thin plate spline LTPS had the best fit (Figure Al). This is
important as it implies that the fit is likely good for the grids of the other reflectors too.

The setup for gridding with LTPS:

e In-line and crossline steps of 10. A step of 1 was tried and failed due to the high computational
load and resulting in slow gridding speed. This means that each grid cell (created by the
crossings of the inline and crossline) has a horizontal resolution of 10 lines. In other words, the
algorithm will output a horizon every tenth inline/crossline. The distance of these steps will vary
as the distance between inlines vary.

e Search radius of 800 m (which equals to the maximum sub-bottom profile-line spacing of the
area).

e 5 maximum points per sector.
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Figure Al. The gridded multibeam bathymetry compared to the LTPS-gridded digitized
seafloor reflector, displayed in the OpendTect 3D-viewer. 1. The multibeam
bathymetry. 2: LTPS gridded seafloor surface. 3: Both grids displayed together. The
LTPS shows a good fit with the exceptions of some elevation peaks which have been
missed by the LTPS algorithm, possibly due to sparseness of the subbottom profiles.
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Appendix B- Geotechnical properties from the consolidation test data

For each load increment the ICON P software measures the change in sediment height (AH, cm) during
consolidation and the time required for completion of the load step. From these measurements, together
with the dimensions and mass of the wet/dry sample prior/after the consolidation test, the following
calculation steps are made by the ICON P software . For sample EL20-1GVV07-2PC-130-136 the wrong
sample diameter was entered into the software, which led to inaccurate test results, and therefore these
steps were calculated manually.

Using the mass of the dry sample (M,, g), sample area (4, cm?), specific gravity (G, , g/cm®) (by using
the measured grain density (pg, g/cm®) and an assumed fluid density (p;) of 1 g/cm?), the equivalent
height of each solid sample (H,, cm) is obtained following:

M;

H, = B1
* Gopud -

The void ratio prior to the start of the consolidation test (eq ii¢iq:) IS Calculated using the initial saturated
sample height (Hy initiqr, €M) and the height of the solid sample (Hg, cm):

_ (Ho,initial_Hs)A
Coimitial = (B2)

And the final void ratio after the end of the test (ef) is calculated based on the difference between the
final height of the test (Hy, cm) and the solid sample height according to:

(Hf — Hy)A
ef = T (33)

At each incremental load step, the incremental void ratio (e;) is calculated using the void ratio at the
start of the load step (e, ), the change in sediment height (AH;, cm) and the equivalent height of the solid
sample by:

(B4)

The incremental vertical strain, €, ; (%), for each load increment is calculated using the change in height
(AH) between the initial height of the sample prior to the consolidation test (Hg initiq;, €M) and the
height at the end of each load step (AH;,, cm) following:

AH
£y (%) = ———— % 100 (B5)

0,initial

From the strain calculations, the coefficient of volume compression (My,, 1/kPa) is calculated using the
fractional change in strain (4¢) and change in effective stress (4a’,,, kPa) from the beginning to the end
of each load step:

_ 4¢/100

vV = ’
Ad’,

(B6)

The coefficient of consolidation (C;;, cm?/s) which essentially controls the speed of consolidation, is
calculated using square root of time fitting method:
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_ TyyD?

V=0 (B7)
90
Where
Tgo = 0.848 = the time factor at 90 % consolidation from Terzaghi’s 1D consolidation theory .
too= time (seconds) for 90 % consolidation for the load step.
D? = drainage path (cm) = calculated as half the average thickness during the load step:
H;; + H;
— 1,1 Z 1,2 (BS)

where
H; ; = sample height at the beginning of the load step
H; ,= sample height at the end of the load step

The hydraulic conductivity (k, cm/s) at each load step is calculated with an assumed unit weight of
water (y,,) of 1 g/cm**g (or 1000 N/m3) following:

k = MyCyyy (B9)

From the hydraulic conductivity the intrinsic permeability, K (cm?) is calculated by using the hydraulic
conductivity in units of m/s and converting K to cm? by multiplying the equation by 10*:

_ K

K 0* (B10)

Where
nw = Kinetic viscosity of water at 20°C (1.007x10° m?/s)
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Appendix C — Isopach maps

A 17°36.0E 17°30.0E 17°42.0E
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Figure C1. Isopach between S-1 and multibeam bathymetry (the total sediment thickness). Red markings indicate
where the data is uncertain due to blanks in the stratigraphy of the sub-bottom profiles.
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Figure C2. Isopach between S-2 and the multibeam bathymetry (combined thickness of acoustic Unit 2, 3, 4 and
5). Red markings indicate where the data is uncertain due to blanks in the stratigraphy of the sub-bottom profiles.
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Fifang

Figure C3. Isopach between S-1 and S-2 (acoustic Unit 1). Red markings indicate where the data is uncertain
due to blanks in the stratigraphy of the sub-bottom profiles.

59



Appendix D — Consolidation test data

Consolidation Sample Summary

Sample ID

EL20-IGV07-2PC-SEC3, 136-142

Sample depth (m)

3.88

1. Initial sample conditions

4. Calculated Parameters

Sample diameter (cm) 5.04|Dry mass of sample (g) 48.78
Sample height (cm) 2.00]Initial water content (%) 44.84
Area (cm2) 19.95|Final water content (%) 31.98
Volume (cm3) 39.90|Initial dry density (g/cm3) 1.22
Ring mass (g) 60.32]Initial bulk density (g/cm3) 1.79
Sample + ring (g) 131.61|Dry unit weight (kN/m3) 12.01
Sample (g) 71.29|Volume of solids (cm3) 17.93
2. Trimmings before test Equivalent height of solids (cm) 0.90
Tare (g) 0.74|Void ratio before test 1.21
Sample + tare (g) 32.98|Void ratio after test 0.85
Dry sample + tare (g) 23.07|Initial degree of saturation (%) 101.15
Grain density (g/cm3) 2.72|Final degree of saturation (%) 101.98
measured grain density 2.722|Porosity before test 0.55
3. End of Test Porosity after test 0.46
Sample + ring (g) 125.28|Void ratio lost (%) 29
Tare (g) 0.74(5. Geotechnical Properties
In-situ eff. Stress (kPa) (from
Sample + tare (g) 65.12|MSCL table) 30.57
Dry sample + tare (g) 49.52|Preconsolidation pressure (kPa) 100
Final Height (mm) 16.80{OCR 3.27
Compression Index (Cc) -1.35E-01
Recompression Index (Cr) -1.84E-02
e0 2.04
e(a'p) 1.26
Clay (% vol) -
Silt (% vol) -

Sand (% vol)

Before consolidation

After consolidation

Trimmings Sample + Ring Sample + | Sample

Ring (no ring)
Wt. Container + Wet Soil (gm) 32.98 131.61 125.28 65.12
Wt. Container + Dry Soil (gm) 23.07 109.54|  109.54 49.52
Wt. Container (gm) 0.74 60.32 60.317 0.74
Wt. Dry Soil (gm) 22.33 49.22|  49.219 48.78
Water Content (%) 44.39 44.84 31.98 31.98
Void Ratio --- 1.21 0.854
Degree of Saturation (%) --- 101.15 101.98
Dry Unit Weight (N/mA3) --- 12097 14401 ---
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Consolidation Sample Summary

Sample ID

EL20-1GV07-2PC-SEC3,130-136

Sample depth (m)

3.81

1. Initial sample conditions

4. Calculated Parameters

Sample diameter (cm) 5.04|Dry mass of sample (g) 47.62
Sample height (cm) 2.00(Initial water content (%) 53.63
Area (cm2) 19.95(Final water content (%) 30.38
Volume (cm3) 39.90(Initial dry density (g/cm3) 1.19
Ring mass (g) 60.44|Initial bulk density (g/cm3) 1.85
Sample + ring (g) 134.22|Dry unit weight (kN/m3) 11.72
Sample (g) 73.78|Volume of solids (cm3) 17.44
2. Trimmings before test Equivalent height of solids (cm) 0.87
Tare (g) 0.76(Void ratio before test 1.27
Sample + tare (g) 39.77|Void ratio after test 0.597
Dry sample + tare (g) 26.40|Initial degree of saturation 115.3
Grain density (g/cm3) 2.73|Final degree of saturation 139.11
3. End of Test Porosity before test 0.56
Sample + ring (g) 123.05|Porosity after test 0.37
Tare (g) 0.74|Void ratio lost (%) 53
Sample + tare (g) 62.82|4. Geotechnical Properties
Dry sample + tare (g) 48.36|In-situ eff. Stress (kPa) (from MS 29.91
Final Height (mm) 14.06|Preconsolidation pressure (kPa) 80
OCR 2.67
Compression Index (Cc) -0.188
Recompression Index (Cr) -0.024
e0 2.58
e(o'p) 1.15
Clay (% vol) 47
Silt (% vol) 53
Sand (% vol) 0

Before consolidation

After consolidation

Trimmings Sample + Ring Sample + Ring Sample

(no ring)
Wt. Container + Wet Soil (gm) 39.77 134.22 123.05 62.82
Wst. Container + Dry Soil (gm) 26.40 108.46 108.46 48.36
Wt. Container (gm) 0.76 60.44 60.44 0.74
Wt. Dry Soil (gm) 25.63 48.02 48.02 47.62
Water Content (%) 52.17 53.63 30.38 30.38
Void Ratio - 1.27 0.60 -—-
Degree of Saturation (%) - 115.3 139.11 -
Dry Unit Weight (N/m”*3) - 11802 16788 -
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Consolidation Sample Summary

Sample ID

EL20-IGV07-2PC-SEC3,120-125

Sample depth (m)

3.71

1. Initial sample conditions 4. Calculated Parameters
Sample diameter (cm) 5.04(Dry mass of sample (g) 43.12
Sample height (cm) 2.00|Initial water content (%) 53.63
Area (cm2) 19.95(|Final water content (%) 30.38
Volume (cm3) 39.90|Initial dry density (g/cm3) 1.08
Ring mass (g) 59.00|Initial bulk density (g/cm3) 1.74
Sample + ring (g) 128.59|Dry unit weight (kN/m3) 10.61
Sample (g) 69.59|Volume of solids (cm3) 15.85
2. Trimmings before test Equivalent height of solids (cm) 0.79
Tare (g) 0.74|Void ratio before test 1.44
Sample + tare (g) 41.78|Void ratio after test 0.91
Dry sample + tare (g) 26.90|Initial degree of saturation 115.30
Grain density (g/cm3) 2.72|Final degree of saturation 139.11
measured grain density 2.726|Porosity before test 0.59
3. End of Test Porosity after test 0.48
Sample + ring (g) 120.14|Void ratio lost (%) 37
Tare (g) 0.75|5. Geotechnical Properties
In-situ eff. Stress (kPa) (from MSCL
Sample + tare (g) 59.87|table) 28.93
Dry sample + tare (g) 43.86|Preconsolidation pressure (kPa) 60.00
Final Height (mm) 15.71|0CR 2.07
Compression Index (Cc) -0.190
Recompression Index (Cr) -0.015
e0 2.95
e(o'p) 1.36
Clay (% vol) 51
Silt (% vol) 49
Sand (% vol) 0
Before consolidation After consolidation
Trimmings Sample + Ring Sample + | Sample (no
Ring ring)
Wt. Container + Wet Soil (gm) 41.78 128.59 120.14 59.87
W?t. Container + Dry Soil (gm) 26.90 103.59 103.59 43.86
Wt. Container (gm) 0.74 59.00 59.00 0.75
Wt. Dry Soil (gm) 26.16 44.59 44.59 43.12
Water Content (%) 56.89 56.08 37.13 37.13
Void Ratio - 1.44 0.914 ---
Degree of Saturation (%) --- 106.28 110.66 ---
Dry Unit Weight (N/mA3) 10958 13954 ---
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Consolidation Sample Summary

Sample ID

EL20-IGV07-SEC2, 147-152-B

Sample depth (m)

2.46

1. Initial sample conditions

4. Calculated Parameters

Sample diameter (cm) 5.04|Dry mass of sample (g) 36.24
Sample height (cm) 2.00|Initial water content (%) 72.95
Area (cm2) 19.95|Final water content (%) 41.84
Volume (cm3) 39.90(Initial dry density (g/cm3) 0.91
Ring mass (g) 60.31|Initial bulk density (g/cm3) 1.59
Sample + ring (g) 123.89|Dry unit weight (kN/m3) 8.92
Sample (g) 63.58|Volume of solids (cm3) 13.23
2. Trimmings before test Equivalent height of solids (cm) 0.66
Tare (g) 0.74|Void ratio before test 1.97
Sample + tare (g) 52.43|Void ratio after test 1.07
Dry sample + tare (g) 30.79|Initial degree of saturation 101.25
Grain density (g/cm3) 2.74|Final degree of saturation 107.30
measured grain density 2.743|Porosity before test 0.66
3. End of Test Porosity after test 0.52
Sample + ring (g) 112.45|Void ratio lost (%) 46
Tare (g) 0.73|5. Geotechnical Properties
In-situ eff. Stress (kPa) (from MSCL
Sample + tare (g) 52.13|table) 18.61
Dry sample + tare (g) 36.97|Preconsolidation pressure (kPa) 45.00
Final Height (mm) 13.91|0CR 2.42
Compression Index (Cc) -0.239
Recompression Index (Cr) -0.011
e0 4.66
e(a'p) 1.89
Clay (% vol) 54
Silt (% vol) 46
Sand (% vol) 0
Before consolidation After consolidation
Trimmings Sample + Ring Sample + Ring | Sample (no
ring)
Wst. Container + Wet Soil (gm) 52.43 123.89 112.45 52.13
Wt. Container + Dry Soil (gm) 30.79 97.07 97.07 36.97
Wt. Container (gm) 0.74 60.31 60.31 0.73
Wt. Dry Soil (gm) 30.06 36.76 36.76 36.24
Water Content (%) 71.98 72.95 41.84 41.84
Void Ratio --- 1.97 1.07 ---
Degree of Saturation (%) --- 101.25 107.30 -
Dry Unit Weight (N/m~3) - 9034.50 12991.00 -—-
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Consolidation Sample Summary

Sample ID

EL20-IGV07-SEC2, 147-152-A

Sample depth (m)

2.46

1. Initial sample conditions

4. Calculated Parameters

Sample diameter (cm) 5.04|Dry mass of sample (g) 37.88
Sample height (cm) 2.00|Initial water content (%) 69.74
Area (cm2) 19.95|Final water content (%) 39.25
Volume (cm3) 39.90|Initial dry density (g/cm3) 0.95
Ring mass (g) 58.96|Initial bulk density (g/cm3) 1.65
Sample + ring (g) 124.73|Dry unit weight (kN/m3) 9.32
Sample (g) 65.77|Volume of solids (cm3) 13.77
2. Trimmings before test Equivalent height of solids (cm) 0.69
Tare (g) 0.74|Void ratio before test 1.83
Sample + tare (g) 39.10|Void ratio after test 0.95
Dry sample + tare (g) 23.40|Initial degree of saturation 104.69
Grain density (g/cm3) 2.75|Final degree of saturation 114.11
measured grain density 2.748|Porosity before test 0.65
3. End of Test Porosity after test 0.49
Sample + ring (g) 112.92|Void ratio lost (%) 48
Tare (g) 0.74|5. Geotechnical Properties
In-situ eff. Stress (kPa) (from MSCL
Sample + tare (g) 53.48|table) 18.61
Dry sample + tare (g) 38.61|Preconsolidation pressure (kPa) 45.00
Final Height (mm) 13.74|0CR 2.42
Compression Index (Cc) -0.246
Recompression Index (Cr) -0.020
e0 4.32
e(a'p) 1.7
Clay (% vol) 73
Silt (% vol) 27
Sand (% vol) 0

Before consolidation

After consolidation

Trimmings Sample + Ring Sample + Ring Sample (no
ring)
Wt. Container + Wet Soil (gm) 39.10 124.73 112.92 53.48
Wt. Container + Dry Soil (gm) 23.40 97.71 97.71 38.61
Wt. Container (gm) 0.74 58.96 58.96 0.74
W?t. Dry Soil (gm) 22.67 38.75 38.75 37.88
Water Content (%) 69.26 69.74 39.25 39.25
Void Ratio - 1.83 0.95 -
Degree of Saturation (%) --- 104.69 114.11 ---
Dry Unit Weight (N/m”3) --- 9523.60 13858.00 ---
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Consolidation Sample Summary

Sample ID

EL20-IGV07-2PC-SEC2-4-7

Sample depth (m)

1.03

1. Initial sample conditions 4. Calculated Parameters
Sample diameter (cm) 5.04|Dry mass of sample (g) 29.94
Sample height (cm) 2.00|Initial water content (%) 97.96
Area (cm2) 19.95Final water content (%) 44.59
Volume (cm3) 39.90|Initial dry density (g/cm3) 0.75
Ring mass (g) 60.44 Initial bulk density (g/cm3) 1.51
Sample + ring (g) 120.59|Dry unit weight (kN/m3) 7.37
Sample (g) 60.15|Volume of solids (cm3) 11.01
2. Trimmings before test Equivalent height of solids (cm) 0.55
Tare (g) 0.74|Void ratio before test 2.57
Sample + tare (g) 29.17|Void ratio after test 1.00
Dry sample + tare (g) 15.11(Initial degree of saturation 103.60
Grain density (g/cm3) 2.72|Final degree of saturation 121.89
measured grain density 2.724|Porosity before test 0.72
3. End of Test Porosity after test 0.50
Sample + ring (g) 104.37|Void ratio lost (%) 61
Tare (g) 0.74|5. Geotechnical Properties
In-situ eff. Stress (kPa) (from
Sample + tare (g) 44.02|MSCL table) 7.10
Dry sample + tare (g) 30.67|Preconsolidation pressure (kPa) 50.00
Final Height (mm) 11.17|0OCR 7.04
Compression Index (Cc) -0.352
Recompression Index (Cr) -0.008
e(a'p) 2.5
e0 9.92
Clay (% vol) 95
Silt (% vol) 5
Sand (% vol) 0
Before consolidation After consolidation
Trimmings Sample + Ring Sample + Ring |Sample (no
ring)
Wt. Container + Wet Soil (gm) 29.17 120.59 104.37 44.02
Wt. Container + Dry Soil (gm) 15.11 90.82 90.82 30.67
Wst. Container (gm) 0.74 60.44 60.44 0.74
Wst. Dry Soil (gm) 14.37 30.38 30.38 29.94
Water Content (%) 97.88 97.96 44.59 44.59
Void Ratio - 2.57 1.00 -
Degree of Saturation (%) --—- 103.60 121.89 --—-
Dry Unit Weight (N/mA3) 7467.50 13371
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Consolidation Sample Summary

Sample ID

EL20-IGV07-2PC-SEC2-0-3

Sample depth (m)

0.99

1. Initial sample conditions 4. Calculated Parameters
Sample diameter (cm) 5.04|Dry mass of sample (g) 27.59
Sample height (cm) 2.00|Initial water content (%) 106.34
Area (cm2) 19.95|Final water content (%) 48.13
Volume (cm3) 39.90|Initial dry density (g/cm3) 0.69
Ring mass (g) 58.96|Initial bulk density (g/cm3) 1.44
Sample + ring (g) 116.59|Dry unit weight (kN/m3) 6.79
Sample (g) 57.63|Volume of solids (cm3) 10.11
2. Trimmings before test Equivalent height of solids (cm) 0.51
Tare (g) 0.7|Void ratio before test 2.90
Sample + tare (g) 32.2(Void ratio after test 1.26
Dry sample + tare (g) 16.0|Initial degree of saturation 106.34
Grain density (g/cm3) 2.73|Final degree of saturation 48.13
Measured grain density 2.728|Porosity before test 0.74
3. End of Test Porosity after test 0.56
Sample + ring (g) 100.33|Void ratio lost (%) 57
Tare (g) 0.74|5. Geotechnical Properties
In-situ eff. Stress (kPa) (from MSCL
Sample + tare (g) 41.60|table) 6.85
Dry sample + tare (g) 28.33|Preconsolidation pressure (kPa) 45
Final Height (mm): 11.58|OCR 6.57
Compression Index (Cc) -0.304
Recompression Index (Cr) -0.013
e(o'p) 2.8
e0 8.87
Clay (% vol) 75
Silt (% vol) 25
Sand (% vol) 0
Before consolidation After consolidation
Trimmings Sample + Ring Sample + Ring Sample
(no ring)
Wt. Container + Wet Soil (gm) 32.17 116.59 100.33 41.60
Wt. Container + Dry Soil (gm) 15.99 86.89 86.89 28.33
Wst. Container (gm) 0.73 58.96 58.96 0.74
Wst. Dry Soil (gm) 15.26 27.93 27.93 27.59
Water Content (%) 106.10 106.34 48.13 48.13
Void Ratio - 2.90 1.26 -—-
Degree of Saturation (%) --- 100.10 104.39 ---
Dry Unit Weight (N/mA3) - 6864.10 11854.00 -
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Appendix E - Groundwater fluctuations at Sandvik

Niva i meter under markyta for station Sandvik_1 Niva | meter under markyta for station Sandvik_2
Diagrammet visar grundvattenniva | meter under markytan. Diagrammet visar grundvattennivd i meter under markytan.

Visa dataserier for:
—— Uppmatta nivaer

ptemt anua Maj September
2019 Yo

Niva i meter under markyta for station Sandvik_3 Niva | meter under markyta for station Sandvik_4

Diagrammet visar grundvattennivl | meter under markytan Diagrammet visar grundvattennivi | meter under markytan

Figure E1. Groundwater fluctuations at Sandvik measuring station in three different geological settings. Station
Sandvik_1 and 2 is in bedrock aquifers. Station Sandvik_3 is in a sand and/or gravel aquifer. Station Sandvik_4

is in a non-varved clay aquifer. (SGU, 2021: https://www.sgu.se/grundvatten/grundvattennivaer/matstationer/.
[2021-10-13])
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