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Hydroacoustic observations of shallow marine environments reveal a variety of
seafloor structures—both of natural and anthropogenic origin. Natural processes
can result in features with circular geometries on the seafloor, such as kettles,
sinkholes or iceberg pits, but human activities such as dredging, dumping, or
detonating explosives can also cause similar shapes. Explaining the origin of these
features is difficult if there are only few observations or if competing natural and
anthropogenic processes have acted in the same area. Even though the location
of dredging and dumping operations and munition blasting may be well
documented in many parts of the global coastal ocean today, little information
might be available about human practices in the past. In this study, more than
3,000 circular features were identified in side-scan sonar (SSS) datasets covering
1,549 km? of shallow waters in the southwestern Baltic Sea. Additional data
obtained by multibeam echosounder (MBES), sub-bottom profiler (SBP), and
different SSS was considered in the analysis of 205 circular features that were
characterized based on their sedimentology, morphology, SSS and SBP acoustic
signatures. Characteristic differences between the structures allow their
classification into six classes, which provide insight into their formation
mechanisms. The obtained parameters (morphology, MBES and SSS acoustic
backscatter, SBP characteristics and spatial distribution) allow the classification
to be applied to the entire SSS dataset, resulting in the classification of
2,903 features. The mapped circular features have diameters between 6 and
77 m and correspond to pockmarks, dumping spots and explosion craters in water
depths ranging from 8 m up to 25 m. Despite this rather multi-methodological
approach, the origin of some observed features still cannot be explained with
certainty, leaving room for further investigations of natural processes and human
impacts on the seafloor.
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1 Introduction

Over the last decades, the increased spatial resolution and
accurate positioning of hydroacoustic instruments for seafloor
measurements, i.e.,, MBES, SSS and SBP, has led to the discovery
of many different characteristics of this rather complex and
constantly changing environment. These include the distribution
of substrates and habitats, sediment distribution patterns and
structures caused by both natural processes (Hovland et al., 2010;
Brown et al, 2017; Kramer et al., 2017; Marsh et al., 2018) and
human activities (Manso et al., 2010; Bruns et al., 2020; Watson
et al,, 2022). Despite the availability of ever more high-resolution
information on seafloor reflectivity (from MBES or SSS backscatter),
and its morphological structural and textural characteristics such as
roughness, slope, curvature, bathymetric position index (BPI)
(Walbridge et al., 2018), uncertainties may remain, particularly
where ground truthing observations are limited by scale or
visibility (for optical ground truthing), or are not available at all.

Many typical features observed in bathymetric or SSS images,
such as submarine glacial landforms (Batchelor et al., 2018), current-
induced bedforms (Ernstsen et al., 2006; Lefebvre et al., 2021), or
sorted bedforms (Murray and Thieler, 2004; Diesing et al., 2006)
have a characteristic elongated, linear pattern and are easily
explained. Linear seafloor features of anthropogenic origin
include anchor scars (Watson et al., 2022), pipelines, cables, trawl
marks (Krost et al., 1990; Bunke et al., 2019; Bruns et al., 2020) and
troughs resulting from sediment extraction (Manso et al, 2010).
Circular or elliptical features are also ubiquitous on the seafloor. For
their formation, different mechanisms can play a role (Table 1);
however, due to their geometrical similarity, the explanation of their
origin can be more difficult, especially in areas where both natural
processes and anthropogenic activities occur (Bunke et al., 2019).
This is of particular concern for ecosystem-based management and
environmental assessment strategies, as demanded by several
marine directives such as the European Marine Strategy
Framework Directive (MSFD) (European Commission, 2008).

Pockmarks have recently been of increasing interest to the
scientific community and have been studied worldwide
(Supplementary Table SI), from deep water environments
(Dimitrov and Woodside, 2003; Pilcher and Argent, 2007) to
shallow marine settings (Schliiter et al., 2004; Rogers et al., 2006;
Hoffmann et al., 2020), as well as in lakes (Wessels et al., 2010;
Bussmann et al., 2013; Cojean et al., 2021) and estuaries (Pinet et al.,
2008; Brothers et al., 2012). These morphological features, which are
recognized in hydroacoustic data primarily as circular to elliptical
depressions, are generated by the seepage of gas or fluids (Judd and
Hovland, 2007). They are formed by focused fluid or gas expulsion
from the seafloor subsurface (King and MacLean, 1970; Hovland
and Judd, 1988; Hovland et al., 2002). They have been documented
mainly in soft and fine-grained sediments (Hovland and Judd, 1988;
Paull et al., 2002; Chand et al., 2012; Rise et al., 2015; Virtasalo et al.,
2018; Bottner et al., 2019), but these features are also reported in
sandy environments (Szpak et al., 2015; Kramer et al., 2017). They
have different morphologies, sizes and arrangements (Hovland et al.,
2002) and vary in diameter, ranging from less than 1 m to hundreds
of meters (Judd and Hovland, 2007). Arrangements can be in
random or non-random distributions (Pilcher and Argent, 2007).
Non-random distributions can vary depending on various
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mechanisms, ie., faulting (Plaza-Faverola et al, 20155 De
Mahiques et al, 2017), glacial scouring, or human activities
(Pilcher and Argent, 2007). Active structures or seeps play an
essential role in seabed ecology (Hovland and Judd, 1988; Webb
et al.,, 2009), and due to their common association with methane
(CHy) release through the water column, pockmark-forming
processes may contribute to the global organic carbon cycle
(Judd and Hovland, 2007; Schneider von Deimling et al., 2015;
Andreassen et al., 2017; Weber et al., 2019; Lohrberg et al., 2020).
Therefore, mapping and classification of suspicious seafloor features
assist in creating an inventory of pockmarks.

Despite the prominent interest concerning structures associated
with seafloor gas and fluid seepage, there is the potential for
misinterpretation, as other circular features can have similar
characteristics. Other mechanisms can produce circular structures
such as iceberg pits (Brown et al., 2017), collapsed pingos, biological
features (Borum et al., 2014; Marsh et al., 2018), sinkholes (Micallef
et al., 2013), scour hollows around boulders, human-made artifacts
(Hovland and Judd, 1988; Judd and Hovland, 2007), and holes from
mineral extraction (Zeiler et al., 2008; Manso et al., 2010; Uécinowicz
et al.,, 2014; Feldens et al.,, 2022) (Table 1). On the other hand, in
former times, pockmarks in Eckernforde Bay in the southwestern
Baltic Sea (Figure 1) were interpreted as torpedo craters (Edgerton
et al., 1966).

To distinguish between iceberg pits and pockmarks, some earlier
efforts have been made in the North Falklands basin based on
fluid flow, stratigraphy and
paleoenvironmental context, geometry, size and symmetry of

diagnostic  indicators  of
their circular depressions, and the relationship to associated
seismic features (Brown et al., 2017). However, when other
processes act in the same area, including human activities that
leave a circular footprint on the seabed (Table 1), differentiating
the genesis of such structures becomes a challenge, especially if the
exact location of human activities is not well-known. Nowadays, in
many countries, the location of dumping activities should be known
to the relevant authorities. However, commonly there is a lack of
knowledge on dumping activities in the past, and the explanation of
seafloor structures can be difficult—especially if they are interpreted
solely from older or incomplete data, e.g., low-resolution SSS images
or spatially restricted video footage. It is essential to point out that
many coastal areas worldwide cannot be easily mapped due to
insufficient instruments or financial limitations. In addition,
when only old data are available, they become the primary basis
for decision-making and serve to compare and assess the persistence
of structures on the seafloor.

In the southwestern Baltic Sea, circular features have been
observed in a large data set of SSS images resulting from
continuous joint projects carried out between the Institute for
Geosciences of the University of Kiel (IfG) and the State
Environmental Agency (LfU) since 2008. In this study, we report
on the characteristics and distribution of numerous circular features,
assuming that only with a multi-method approach it is possible to be
sure about the origin of certain structures by analyzing a complete
set of indicators resulting from different hydroacoustic methods.
Based on this, we aim to describe, classify and discuss the possible
origin of circular seafloor features. In this context, we present a
regional overview of circular structures and classify them into six
classes based on morphological and seismic parameters from

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1170787

Diaz-Mendoza et al.

TABLE 1 Examples of circular seafloor features reported in literature.

For

ation mechanisms

Features

Description

10.3389/feart.2023.1170787

Dimensions

Natural

Anthropogenic

Glaciogenic
Processes

Seepage Activity

Mud volcanism

Iceberg pits

Kettle holes

Pockmarks®

Gas hydrate pingoes

Mud volcanoes, mud
cones and associated
structures

Circular to semi-circular depressions formed when
an iceberg impacts with its keel the seafloor due to
readjustment of its hydrostatic equilibrium as it
melts or when grounding on the seabed due to tidal
changes. They appear with scour marks Syvitski
et al. (2001), Brown et al. (2017).

Craters with steep sides, flat-floored, formed due to
the stagnation of ice blocks in shallow water after
ice retreat, creating a crater when they melt or float
off Ottesen et al. (2017).

Craters resulting from seepage of gases or fluids
Hovland and Judd (1988).

Positive relief features partly formed by local
hydrate accumulation below the sediment surface
Hovland and Svensen (2006).

Circular seabed features associated to the expulsion

of fluid mud (e.g., mud volcanoes) or the intrusion
of viscous gas-charged muds (mud cones).

Mounds formed by the penetration of a salt body

Between 10 and 700 m Brown et al. (2017).

Up to 50 m in diameter and depth up to 10 m
Syvitski et al. (2001).

300 m diameter and 10 m deep Ottesen et al.
(2017).

Variable diameter up to hundreds of meters
Hovland and Judd (1988); Pilcher and Argent
(2007).

Up to 4 m wide and 1 m high Hovland and Svensen
(2006), Hovland (2008).

Mud volcanoes have different sizes up to > 1 km
wide and with heights up to hundreds of meters

Judd and Hovland (2007), Palomino et al. (2016).
Mud cones have diameters 1.5-1.1 km and 80 m in
height Somoza, (2003).

Diameters can have several kilometers.

Salt doming Salt domes into the overlying sediments. In plan view they are

circular or elliptical.

Seabed substrate is dissolved by groundwater 60-270 m maximum diameter and depth between
Karst processes Sinkholes circulating through it, leading to the formation of = 11 and 20 m Micallef et al. (2013).

Slope failures and
bottom currents

Biological activity

Seagrass

Detonation craters
of munitions

Collapse depressions

Pits

Seagrass patches

Denotation craters

craters.

Semi-circular to crescent-like shape depressions
caused by slope failures and bottom currents.

Shallow pits created by gray whales Nelson et al.
(1987).

~100 to ~3,000 m in diameter and depth 10s of
meters up to 180 m Wenau et al. (2021).

2.5m x 1.5 m diameter and 0.1 m deep Nelson
et al. (1987).

Elongated depressions forming curvilinear tracks
on the seafloor at abyssal depths formed by large
vertebrates Marsh et al. (2018).

Ring-shaped eelgrass patches (“fairy rings”) found
in shallow waters Borum et al. (2014).

Craters produced by the controlled blast in place of
munition Kampmeier et al. (2020), Papenmeier
et al. (2022).

0.97 m wide and 2.57 m long, and ~0.13 m deep
Marsh et al. (2018).

Diameters up tol5 m Borum et al. (2014).

Average diameters of 20 m and 1.5 m deep
Kampmeier et al. (2020).

Diameters between 7.5 and 12.6 m. Depth between
0.7 and 2.2 m Papenmeier et al. (2022).

Bomb dropping

Dumping of
dredged material

Dredging

Man-made artifacts

Frontiers in Earth Science

Piles of sediment

Dredging pits

Scour depression around
objects

High backscatter circles caused by bomb explosions
dropped during the World War II Garlan et al.
(2018).

Positive features; torus-like structures Stockmann
etal. (2009), Tauber (2009), circular splotches Hart
(1992), Mosher et al. (1997).

Stationary extraction, either by bucket or suction
dredgers Uscinowicz et al. (2014).

Remnants of mining activities in Thailand Feldens
et al. (2022).
Pits generated by anchor or static suction dredging

Manso et al. (2010).

Scour and burial of objects [e.g., wrecks, bombs
Inman and Jenkins (2002)].

03

11-134 m in diameter Garlan et al. (2018).

20-30 m in diameter and heights between 0.5 and
1.4 m Stockmann et al. (2009), Tauber (2009).

Diameters of 80-170 m and 2 and 3 m deep
Uscinowicz et al. (2014).

Average size diameter of 16 + 5.4 m up to
285 mand 1.7 = 1 m up to 2.5 deep Manso et al.
(2010).

Depending on the size of the object.

(Continued on following page)
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TABLE 1 (Continued) Examples of circular seafloor features reported in literature.

Formation mechanisms Features

Description

Dimensions

Blowouts are the result of an uncontrolled increase
in borehole pressure, which causes an uncontrolled
upward flow of formation fluids and may result in
the creation of pathways that reach the seafloor
Karstens et al. (2022).

Drilling-induced Blowout Craters

blowouts

B1 blowout (1964, North Sea) formed the Figge
Maar crater. Major axis: ~550 m wide and up to
38 m deep Karstens et al. (2022).

Well 22/4b blowout (1990, North Sea): 60 m wide
and 20 m deep Schneider von Deimling et al.
(2015).

*Supplementary Table S1.

information obtained from the combination of MBES, SSS and SBP
measurements as well as in-situ observations. The possible genesis of
each class of circular features and their temporal and spatial shape
stability on the seafloor are discussed. It is pointed out that not all
features can be explained despite the large and comprehensive data
set. We also provide a classification scheme that helps to differentiate
between natural circular features and those resulting from human
activities. For this purpose, we set out the following objectives:

a) Develop an inventory and characterization of circular structures
based on data from hydroacoustic measurements supported by
sediment sampling and in-situ optical observations of the
seafloor.

b) Define geophysical, geomorphological and sedimentological
parameters to detect, describe and differentiate circular seabed
structures systematically and standardized using classification
schemes.

c) Discuss whether the origin of the structures is natural or
anthropogenic.

2 Regional setting

The study areas are located in Kiel Bight and Mecklenburg Bight
in water depths ranging from 4.6 to 36 m in the brackish, micro-tidal
southwestern German Baltic Sea (Figure 1). During the Late
Weichselian, glaciers covered the present southwestern Baltic Sea
area, forming a strong relief and leaving glacial deposits behind
(Ehlers et al., 2011; Niedermeyer et al., 2011).

The development of the Baltic Sea underwent different stages in
the Late Pleistocene and early Holocene (Bjorck, 2008), with
freshwater, brackish and marine conditions at different times
resulting from transgressions and regressions driven by a
combination of eustatic sea level change and glacio-isostatic
adjustments (Schwarzer et al, 2019). Today, large areas of the
seafloor, especially morphological elevations, are built up by
glacial deposits (Niedermeyer et al.,, 2011). Postglacial sediments
of lacustrine origin, like gyttja, peat, lake marl (Heinrich et al,
2017a) and fine-grained, organic-rich sediments were formed in
local lakes or lagoons and developed on top of the glacial basement.
In deeper areas with low sediment transport potential, these
sediments are covered by organic-rich mud deposited during and
after the Littorina Transgression (Rof3ler et al., 2011).

Acoustic turbidity is frequently observed in sub-bottom profiler
data in Late Pleistocene and Holocene sediments in this region,
predominantly due to the presence of subsurface gas stemming from
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the decomposition of organic matter (Laier and Jensen, 2007)
(Figure 1). In Eckernférde Bay, pockmarks have been associated
with gas emissions and groundwater discharge (Werner, 1978;
Jensen et al, 2002; Whiticar, 2002; Schliiter et al., 2004;
Hoffmann et al., 2020).

The southwestern Baltic Sea has been for long time a focal point
of coastal ocean exploitation and therefore serves as a prominent
example of different types of human impact on the seafloor. Placing
pipelines (Bohling et al., 2009) and cables, bottom trawling (Krost
et al,, 1990; Schonke et al,, 2022), anchoring, stone fishing (Bock
et al, 2003), dredging (Manso et al., 2010) and dumping (Krost,
1986), have led to changes in morphological conditions, and
redistribution of sediments, thus exerting pressures on the
marine environment. In addition, large quantities of conventional
ammunition were dumped in some regions of the western Baltic Sea
at the end and after World War II (Kampmeier et al., 2020; Frey
et al,, 2021). Most of them remain on the seafloor causing multiple
risks to the marine ecosystems.

3 Materials and methods

3.1 Hydroacoustic measurements and post-
processing

Coastal waters of the Schleswig-Holstein Baltic Sea have been
mapped in order to identify habitat types through different projects
over the last 15 years (e.g., Schwarzer et al., 2008; Schwarzer and
Feldens, 2010; Schwarzer et al., 2014; Schwarzer and Heinrich, 2016;
Schwarzer and Heinrich, 2017; Schwarzer and Diaz-Mendoza, 2020;
Schwarzer and Unverricht, 2020; Schwarzer and Unverricht, 2021;
Schwarzer et al,, 2022), resulting in an extensive dataset of mainly
SBP and SSS data,
sedimentological information from grab sampling. The SSS
dataset was recorded with a Teledyne Benthos 1624 (100/
400 kHz), a C3D from Teledyne Benthos (200 kHz) which has a
built-in SBP, an Imagenex Yellowfin (260-330 and 770 kHz), and a
StarFish 452F from Tritech (450 kHz) with typical survey speeds
between 4.5 and 5 knots. Offsets and layback corrections from the
shipborne GNSS were applied to calculate the position of the towed
sonar.

information underwater videos and

Additional research campaigns to chosen sites (Table 2) were
conducted to collect high-resolution information on seafloor
topography and sedimentology in order to investigate human
influences on the seafloor. SSS information was then collected
with the Teledyne Benthos 1624 SSS system equipped with an
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Study areas in the SW Baltic Sea: (A) Flensburg Fjord and Gelting Bay, (B) Kiel Bight, (C) Fehmarn Belt and Mecklenburg Bight and (D) Lubeck Bay. The
distribution of circular features is observed in the hydroacoustic dataset. Shallow gas areas (2—4 mbsf) (after Laier and Jensen, 2007). Some dumping sites
(D.S) of dredged material are indicated in (A,C,D). Reported detonation craters in (B) (Kampmeier et al.,, 2020) and (C) (Papenmeier et al., 2022). Pockmarks
in Eckernforde Bay (EB in the overview figure) (Whiticar and Werner, 1981; Whiticar, 2002; Schluter et al,, 2004; Hoffmann et al., 2020). Bathymetry
source: BSH GeoSeaPortal (www.geoseaportal.de, last accessed on 27.05.2019); Seifert et al., 2001
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TABLE 2 General device settings during the research surveys AL552 (2021), AL574 (2022), L1321 (2021), and L0322 (2022).

Survey AL552

Date 16.3.2021-27.3.2021

06.2.2022-13.06.2022

AL574 L1321 L0322

08.11.2021-15.11.2021 17.03.2022-24.03.2022

Research Vessel R/V Alkor

Side-scan sonar

R/V Littorina

Device Teledyne Benthos, SIS-1624-dual frequency - Yellowfin StarFish 452F -
Set up Towed - Pole-mounted Pole-mounted -
Frequency 100 and 400 kHz - 770 kHz 450 kHz -
Range 50 m - 50 m -

Towfish altitude ~10% of the range

- ~10% of the range -

Multibeam
Device NORBIT iWBMS STX
Frequency 400 kHz, 80 kHz bandwidth
Across-track beam width 0.9°
Along-track beam width 0.9
Number of beams 512
Swath angle 120°

Parametric Sub-bottom profiler

Device SES-2000 standard SES-2000 medium
Transmitter HF frequency 100 kHz 100 kHz
Pulse length 250 ps 69 us

Ping rate 30 pps 30 pps
Transmitter LF frequency 8 kHz 15 kHz

ultra-short baseline (USBL) transponder to obtain a precise position
of the towed sonar. Additionally, at some stations, SSS data was
collected with the Yellowfin and a StarFish 452F in a pole-mounted
configuration and using a GNSS RTK positioning system. The SSS
data were recorded and processed using Sonar Wiz 7.3 (Chesapeak
Technology, 2018) and exported as 25 cm resolution mosaics. SSS
backscatter images provide information about the seafloor structure and
composition based on grey levels and textures due to the amount of
energy returned from the seafloor and the spatial organization of the
elements (Blondel et al,, 1998). These parameters allow to distinguish
patterns of sediment distribution and morphology. MBES backscatter
and bathymetry data were acquired with a NORBIT iWBMS STX
MBES. The MBES was operated at a frequency of 400kHz and
positioned with an RTK GNSS system. MBES data were processed
using the open-source software MB-System 5.7.8 (MBARI) and the
BeamworX 2022.2.1.1 software package. Geotiffs of 25cm resolution
were generated and analyzed with QGIS 3.22.6 software.
Additionally, parametric sub-bottom profiling (SBP,
Innomar SES-2000 standard and medium) was used to image
the sub-surface structure of the upper few meters below the
seafloor. The systems operate with a primary frequency of
about 100 kHz and resulting secondary frequencies between
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8 and 15kHz. Data were processed using the Innomar ISE
2.9.5 post-processing software.

Hydroacoustic data (SPB, SSS, and MBES) were corrected with
sound velocity profiles obtained from CTD measurements.

3.2 Ground truthing and analysis

Surface sediment samples (Van Veen and Shipek grab sampler)
were collected from circular features and the surrounding areas
based on the information from the MBES and SSS data. Accurate
positioning was achieved using a USBL combined with a GNSS RTK
system. No sediment samples were taken at the ammunition
disposal areas and active material dumping sites (Staberhuk and
Liibeck Bay dumping sites).

Depending on the characteristics of the sediment, grain size
distributions were determined by laser diffraction and/or dry
sieving. For mechanical sieving, the samples were first dried at
60°C and then weighed. The fraction <0.063 mm (silt and clay)
discarded by  wet After drying the
fraction >0.063 mm at 60°C again, the total amount of finer
(silt The

was sieving.

sediment and clay) was  calculated.
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material >0.063 mm was sieved according to the ASTM (ASTM
E11-09, 2009). For samples with sediment fractions considerably
below 2 mm, laser diffraction was performed with a Beckmann
Coulter LS 13320. After the analysis, the particle size
distributions were classified according to Folk (1954).

In addition, underwater video transects were carried out to
observe specific features with a Vivotek IP9191-HT, a GoPro
HERO7/8 or a Canon EOS M6 MKk2 camera positioned with a
USBL transponder (AL552) and a GNSS RTK positioning system
(AL574, L1321, L0322).
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3.3 Feature characterization

Within 1,549 km? more than 3,000 circular features were
recognized based on the backscatter intensity and the textural
properties of the SSS sonographs. A rectangle was manually
digitalized around each feature. Backscatter strength is shown in
greyscale, with darker tones indicating high backscatter intensities.
This dataset served as the basis for follow-up field campaigns,
qualitative analysis, and characterization of the individual
features. The latter resulted in the identification of 3,275 circular
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features, named here as the Initial Feature Dataset (hereafter IFD).
This supported  further  description  and
characterization of the features (Figure 2). In areas where

information

information from different high-resolution data was available and
where individual features could be better identified visually, a
selected feature dataset (hereafter SFD) of 205 structures was
created for detailed analysis. This analysis included the definition
of morphological parameters (dimensions, shape, relief, slope,
roughness and eccentricity) based on bathymetry, as well as
MBES and SSS backscatter information, in some cases supported
by underwater videos and sediment samples. Seismostratigraphic
relationships based on SBP information were also considered.

In the hydroacoustic data structures were measured
manually in QGIS 3.22.6 along their major (4) and minor (b)
radius, and the eccentricity (e) was calculated using e =
((@®-b?)/a*>)*®; {e e R|0<e<1} (Gafeira et al, 2012). The
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structure approximates a circle when the eccentricity value is
close to zero. Additionally, the relief, which is the depth of the
crater and/or the elevation with respect to the surrounding
seafloor, was manually measured based on the bathymetric
data (Figure 3). A negative value indicates that the central
part of the feature is below the mean seafloor level (craters,
craters with rims) in contrast to features above the mean
seafloor level (mounds, torus-like features), which have a
positive value. For craters, the relief value corresponds to the
deepest point measured in the central part of the feature
(Figure 3A). On the other hand, for torus-like features, the
value is often equal or is above the mean seafloor level
(Figure 3B). The area of each feature was calculated from the
measured radius of the features.

Slope and roughness maps were generated using GDAL tools
(V. 3.4.1; gdal.org) and were derived from bathymetry DEMs of
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across the dumping site indicates the localization of classes 2 and 3.

25 cm resolution. Within a digitized bounding box for each
feature, mean, minimum and maximum values of slope and
roughness were calculated using the zonal statistics function in
QGIS. Systematic classification of the SFD was performed using
qualitative descriptors of morphology, the acoustic backscatter
signature, spatial arrangement, and seismic characteristics. The
classification was validated using sedimentological information.
In areas where individual features could not be recognized in the
acoustic images due to overlapping or grouping between them,
only the visible and individual structures were considered.
Features located at known dumping sites of dredged material
and those craters reported as in-situ munition blasting served to
establish the classification parameters. To extend the feature
classification to IFD structures, the categorization was
in a Final Feature Dataset

(hereafter FFD) by considering similarities in morphology,

extrapolated and compiled

acoustic signature, and feature proximity (Figure 2).

4 Results

A total of 3,275 circular structures were observed in the IFD
found in water depths ranging from 8 to 25 m (Figure 1) and mainly
in soft sediments composed of silt and sand. Six classes were
distinguished based on their morphology, acoustic backscatter
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signature, presence of seismic indicators for fluid flow, and
paleo-environmental settings.

4.1 Class 1: positive relief, medium to high
backscatter ring-shaped features

High backscatter ring-shaped features, elevated from the
seabed and with irregular surfaces, are observed in the
deposit site of Staberhuk, east of Fehmarn Island, at about
24 m water depth (DE/54- see Figures 4A, B) and Liubeck
Bay. In SSS backscatter data, they exhibit soft to rough
textures. The edges of the features show high reflectivities but
vary depending on the angle of ensonification. Low backscatter is
common in the deeper areas of the individual structures. A total
of 42 features were characterized in the dataset, with diameters
ranging from 20 to 49 m. They are positive relief features, with a
maximum slope of 38° (Figures 9B, D). They sometimes appear
as dome-shaped structures and are often grouped and sometimes
merged (Figures 4A, B), creating composites up to 3 m in height
(Libeck Bay). This is also observed in the northern part of the
dumping ground of Staberhuk, where the backscatter is
relatively low (DE/54—Figure 4A).

The rims differ in height and width and internal elevations in the
center are common (Figure 4C). In the SBP profiles, these structures
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appear as mounded high-amplitude features with chaotic internal ~ observed. Low backscatter linear structures associated with
acoustic facies, blanking the wunderlying parallel reflectors trawling marks are also present, crossing the dumpsite in all
(Figure 4D). High backscatter curvilinear features are often  directions (Figure 4A).
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4.2 Class 2: random high backscatter
rounded spots

Other larger, circular structures with high backscatter and
smooth to grainy texture have diameters ranging from 30 to
77 m (Figure 5A). Radial halos, aureoles, or linear structures with
medium to high backscatter often occur around them. This class
corresponds to randomly distributed structures that occur as
individual units but also cluster together to form large areas of
high backscatter. A total of 13 features of this type were
characterized in the SFD at about 22 m water depth. Most of the
structures in Class 2 show a positive relief reaching up to 0.8 m and
slopes up to 47° (Figure 9B). In Flensburg Fjord and Gelting Bay,
those structures are generally composed of silty sand (grab sample
L1321-G18-Figure 5D), with some proportions of gravel. In the SBP
data, the structures of this class are characterized by chaotic internal
reflections and uneven surfaces (Figures 5E- Profile a-a’). Disturbed
reflectors appear underneath the features (Figure 5E Inset 3).

While Class 2 structures show a positive relief in Flensburg
Fjord, they reveal slightly negative relief of about 0.1 m in Liibeck
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Bay. Although no macro-benthic organisms were observed in the
surface sediment samples, mussels were observed in video profiles in
Flensburg Fjord (Supplementary Figure S10).

4.3 Class 3: string of high backscatter
rounded spots

A typical structure observed in MBES and SSS backscatter data
corresponds to regular linearly arranged rounded features with
diameters ranging from 8 to 29 m. They are well-defined circular
areas with a homogeneous rough texture and high backscatter
signature compared to the surrounding seafloor (Figure 5A). In
SSS mosaics, their spatial distribution exhibits a distinctive string-
like pattern, whose spacing varies from zero to up to tens of meters
between the different spots. Furthermore, these features sometimes
overlap (Supplementary Figures 2A, C). A total of 34 individual
structures were characterized in the dataset. They are generally
found in soft substrates of poorly sorted silt (grab samples
L1321-G20-Figure 5D and AL552-120-Supplementary Figure
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S1F) between 22 and 23 m water depths in Flensburg Fjord, Gelting
Bay and Liibeck Bay.

It is noted that these spots are not evident in bathymetric data
(Figures 5B, C) or still images obtained from video profiles in
Flensburg Fjord; instead, a rather flat seabed is observed. Surface
sediment samples indicate that these features consist of silt in
Flensburg Fjord (grab sample: L1321-G19 - Figure 5D), very
similar to the surrounding seafloor sediment. A SBP profile across
such features in a former dumping ground (DE/H13, 2006-2017;
Figure 1A; Figure 5E- Profile a-a’) in Flensburg Fjord does not show
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any distinct reflectors linked to the features. However, the ca. 6 m
thick Holocene sediment layer shows acoustic turbidity reaching up to
a depth of 2 m below the seafloor. No benthic communities were
associated with the presence of the features in Flensburg Fjord.

In Liibeck Bay, these features appear both inside and outside the
official dumping area. Outside the dumping site, video profiles
crossing the circular features also show no difference between the
areas of higher backscatter of the circular structures and the lower
backscatter associated with the surrounding homogeneous seafloor
(Supplementary Figures 1A, D, E). The grain size distribution of one
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sediment sample indicates that the feature consists of silt at the surface
and sandy silt 3cm below the surface (grab sample: AL552-
120-Supplementary Figure SIF). No sediment samples were
collected in the Liibeck Bay dumping area, but video profiles
obtained in areas of high backscatter showed a non-homogeneous
seafloor and a micro-relief in the range of centimeters. In such areas,
mussels, algae, and material coarser than the surrounding seafloor
were observed in this area (Supplementary Figures S2, 3).

4.4 Class 4: high backscatter ring-shaped
features with SBP acoustic anomalies

Ring-shaped features are ubiquitous throughout the entire
study area in water depths from 10 to 23 m. These structures
feature high backscatter rings with soft to granular textures and
diameters between 11 and 35 m. They occur in soft substrates
consisting of sandy silt (grab sample: AL552-166 - Figure 6F),
mainly observed around the north, east, and south of Fehmarn
Island (Figure 6) Litbeck Bay, Kiel Bight and Gelting Bay
(Supplementary Figure S4). In total, 34 structures of this kind
have been characterized. Their central part often has a negative
relief up to 0.7 m, is bordered by raised rims of up to several
decimeters (Figure 6E) with slopes up to 44°, and consists of
mixtures of muddy sandy gravel, gravelly muddy sand, and silty
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sand (grab sample AL552-165 - Figure 6F; Supplementary Figure
S6). The sediments in the low-backscatter area in the central part
consist of sandy silt (grab sample AL552-163 -Figure 6F).

In the shallow and sandy areas of Gelting Bay, the high
backscatter rim of these features is flower-shaped in planform
view and smaller than similar features found around Fehmarn
Island at greater water depths (Supplementary Figure S4). Video
profiles did not show any distinctive abiotic features; however,
the area appears to be a habitat for macrobenthic communities
which were found in high abundance. In the same way, images
obtained from underwater videos in the eastern Fehmarn Belt
show that the quantity of benthic organisms on these structures
is higher than on the surrounding muddy seabed (Figures 6C,
D). Although these features are found as single units, they also
form large and elevated complexes almost 1 m above the
seafloor. In the SBP data taken East of Fehmarn, Class
4 features overly a 4m thick seismic unit formed by
continuous parallel reflectors corresponding to the basin-fill
sediments overlying the acoustic basement. Class 4 features
have chaotic internal reflectors and high-amplitude reflectors
are often observed beneath the features (Figures 6G, H). The SBP
data presents acoustic anomalies, such as ‘pull-up’ reflectors and
acoustic blanking features in the form of vertical conduits, which
are associated with individual features of Class 4 (Figure 6G).
When many Class 4 features occur together, forming larger
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complexes, the acoustic blanking zone is wider and located
directly below the high-amplitude reflectors (Figure 6H).

4.5 Class 5: circular craters without
elevated rim

A total of 13 craters with diameters between 6 and 24 m and without
elevated rims have been observed in hydroacoustic data, mainly in Kiel
Bight and Fehmarn Belt, in water depths ranging from 9 to 21 m
(Figure 7). The backscatter of MBES and SSS varies depending on the
material at the bottom of the crater. The features appear as rounded areas
of low backscatter when the sediment is relatively fine or high backscatter
when the material is coarser. Also, the crater may appear as white areas
(acoustic shadows) due to the local geometry of the ensonification. A
profile crossing Class 5 features shows a U-shaped depression with
variable depths between 0.3 and 1.7 m and, depending on the substrate,
with slope angles up to 62°. The structures observed in Kiel Bight are
found in sandy to gravelly substrates with shell fragments included
(Supplementary Figures S7, 8). Here, the craters are very shallow, have an
average depth of 0.2 m, and are found between 9 and 11 m water depth
(Figure 7A and Supplementary Figure S7). The sediment at the bottom
of the crater varies and sometimes contains sandy bedforms with shell
fragments or fine sediments.

Class 5 structures are found in lag sediments west of the
Fehmarn dune field (Feldens et al, 2009), and are generally
smaller in diameter but deeper than those found in Kiel Bight
(Figures 7B-H). These craters were first surveyed with MBES in
2020 (Papenmeier et al., 2022) and additionally in 2021 and 2022
(this study; Figures 7B-H). There were no significant changes in
crater depth between 2020 and 2021. A decrease in the depth of one
of the craters of up to about 30 cm was observed between 2021 and
2022 (Figure 7E).

Underwater video images show the steep slope of the crater
and the crater rim, which is covered with gravel and boulders
(Figure 7F). Metal objects were also observed near the crater
rim (Supplementary Figure S9). In addition, algae (Figure 7G),
shell fragments and boulders are present on the crater floor. In
the area, the SBP profile shows seismically transparent zones
and low-amplitude chaotic reflectors, overlaid by a seismic unit
of stratified semi-parallel reflectors (Figure 7H) crossed by
craters.

4.6 Class 6: craters without elevated rims
and with gas-related acoustic anomalies

Class 6 features are circular to elliptical depressions with
diameters from 6 to 29 m and average depths of 0.5 m below the
surrounding seafloor (Figure 8). Slope angles are up to 54°. Most of
these depressions are found in silty sediments (grab sample: L1321-
G25 - Figure 8D) of the inner and outer Flensburg Fjord in water
depths ranging from 13 to 24 m. However, they have also been found
in Liibeck Bay. A total of 69 features of this kind have been observed
in the SFD. They appear as homogeneous, circular to elliptical
structures with low backscatter intensity and are generally
bordered partially or entirely by a ring of high reflectivity. The
center of these depressions sometimes also exhibits a backscatter
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(Figure 8A). Bathymetric cross-sections show a U-shaped geometry,
occasionally with terraces inside the structure and an irregular
bottom.

Grab samples taken from the high backscatter rim reveal sandy
silt (grab sample L1321-G24 - Figure 8D), while samples from the
central part of the structure are silty (grab sample L1321-G23 -
Figure 8D), black in color, and have a strong smell of H,S. The
shallow craters are found as random singular features but can also be
found clustered together, forming larger complexes. Their
distribution is always associated with acoustic turbidity observed
in SBP data (Figure 8E). In addition, columnar acoustic anomalies
and enhanced or high-amplitude reflectors in the subsurface are
characteristic of this type of structure.

4.7 Overview of the circular features and
extrapolation of the classification

In total, 205 features of the SFD were classified into six classes. All
observed circular structures have a diameter of less than 80 m, with the
largest diameters corresponding to classes 1 and 2 found in the deepest
areas (Figure 9A). Class 5 features have the deepest negative relief and
the highest slope and roughness values (Figures 9B-D). In contrast,
classes 2 and 4 correspond to the features with the highest elevation
above the seafloor (Figure 9D). Classes 4, 5 and 6 comprise a wide range
of water depths and diameters less than 35 m. The different classes
generally show no relation to eccentricity, with values ranging from 0 to
0.9 (Figure 9E); however, the shape of Class 5 features tends to
approximate a circle with most of the eccentricity values less than 0.65.

These 205 structures (SFD) cover a total area of approximately
0.09 km?* (Figure 10). The extrapolation and application of the SFD
classification to the FFD allowed the classified area to be extended to
0.97 km?, corresponding to 0.06% of the total mapped area. This enabled
to extend the classification from 205 features (9% of the total area
classified- FFD) to 2,560 additional features (91% of the total area
classified FFD), corresponding to the total classification of 2,903 features.

Figure 11 shows the distribution of the circular features by class
in the study area. Most of the features are concentrated in
Mecklenburg Bight. Class 3 reaches areal densities of up to
645 per km” in Liibeck Bay, while class 4 features have densities
up to 217 per km” and are widely distributed in the study area
(Figure 11). Classes 1 and 2 and 6 have areal densities of up to 107,
46 and 178 per km?, respectively. However, the areal density values
of circular structures might be underestimated since the analysis did
not consider all features occurring in local clusters due to their
complexity when identifying single structures.

5 Discussion
5.1 Origin of the circular structures

At first glance, some circular features could be associated with
naturally formed geomorphological elements, such as pockmarks.
However, anthropogenic activities can also result in circular
structures of this scale (Table 1). In the following section, we
compare our results with the characteristics of structures of
natural and anthropogenic origin.
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5.1.1 Class 1-positive relief, high backscatter ring-
shaped features: dumping of fine sediment

The morphology and size of these structures resemble “crater-
like ring” structures reported in a dumping site of dredged material
in the southwestern Baltic Sea (Gru, 2004; Stockmann et al., 2009;
Tauber, 2009). Truitt (1988) explained the stages of material
discharged from a barge or hopper, which mainly depend on the
initial mechanical properties of the sediment. High-density material
settles immediately on the seafloor, while very low-density particles
sink slowly and generate a sediment plume.

Experimental and numerical investigations have shown that
after the dumping, the settled particles are incorporated into a
spherical vortex that grows as it descends until it reaches the
bottom and collapses, then the particles diffuse to the
surrounding regions (Ding et al, 2022). Dumping in deeper
water depths leads to a spreading of material, thus larger
diameters of the circular structures (Figure 9A). The flow around
the cloud of settling material can result in higher concentrations in
the outer regions, causing the material to settle in the form of a torus
that is imprinted on the seafloor (Tauber, 2009). Tauber (2009)
explained the morphological evolution of dumped till and mixed
sediments: while till material shows a recognizable crater structure,
mixed sediments show diffuse structures because most of the fine
material is dispersed by currents before reaching the seafloor.

The amount and regularity of dumping can influence the
morphology of circular structures. Between 2017 and 2019, at
least 94x10° tons of dredged material consisting of silt and sand
was dumped at Staberhuk dumping site “DE/22-DE/83-DE/54”
(HELCOM, 2019). More than 50% of the total dredged material
deposited in this period has been placed in the northern part of this
site. Here the thickness of the deposit is larger than in the
surrounding area, and although many of the individual Class
1 structures can be seen, others are covered and have been
modified by subsequent dumping events. In the SBP, Class
1 structures mask the visibility of the acoustic signal from the
Holocene sediment package (Figure 4D). Acoustic blanking is
observed due to the high attenuation from a near-surface
reflector which overlies the underlying masked layers.

The high backscatter linear features (Figure 4A) are comparable
to those observed at the dumping sites in Flensburg Fjord
(Figure 5A), Gelting Bay and Liibeck Bay. Tauber (2009)
interpreted similar traces as dumped material lost during ship
movements.

5.1.2 Class 2—-random high backscatter rounded
spots: dumping of material

MBES and SSS backscatter, bathymetry and SBP information assist
in identifying Class 2 structures. These features are the largest ones
(Figure 9) and are located mainly in dumping sites. At the Flensburg
Fjord dumping site (DE/H13, 2007-2015; Figure 5A), sand and silt
mixtures from the maintenance dredging of nearby harbors have been
dumped (HELCOM, 2019). The higher backscatter character of the
features is explained by silty sand (L1321-G18; Figure 5D) deposited on a
finer substrate. Similar features have been reported at the Point Gray
dumpsite in Canada, where split hull barges rapidly deposit excavation
material, leaving large high backscatter “splotches” visible in the SSS
mosaic (Mosher et al., 1997; Sullivan et al., 2006). These structures are
similar to Class 2 features, generally representing the dumping of larger
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quantities of sediment in a short time (Figure 5), usually done by hopper
dredgers. When large amounts of dense sediment are discharged on a
soft substrate, the dumped material may sink slightly into the substrate,
leaving almost no relief in the bathymetry.

5.1.3 Class 3—string of high backscatter rounded
spots: loss of dumping material during ship
movement

The highly reflective strings of circular spots have been reported
previously in Liibeck Bay in MBES backscatter (Kampmeier et al.,
2018) and SSS data (Diaz-Mendoza and Schwarzer, 2019). The
relatively high reflective character of these structures and the
string-like pattern observed in SSS and MBES backscatter data
are the most significant parameters for detecting Class 3 features
(Figure 5; Supplementary Figures S1, 2). On the seafloor of Grande
Rade de Toulon, France, Garlan et al. (2018) reported 661 high
backscatter circles, with absence of relief and diameters ranging
from 11 to 134 m (Table 1). They are found on heterogeneous
substrates (clay to gravel), and no correlation with the in-situ
sediment type was found in that study. The authors interpreted
those circular structures on the seafloor in the Toulon region as
originating from bomb explosions dropped during World War II
(Garlan et al, 2018). However, there is not enough evidence to
confirm this origin. Furthermore, the high backscatter rounded
spots of Class 3 mostly appear near or within areas where
dumping occurred. In the outer Flensburg Fjord, about 8,700
tons of dredged material consisting of sand, mud and silt were
deposited between 2007 and 2015 (HELCOM, 2019) (Figure 5). In
Liibeck Bay, dumping activities of dredged material from the river
Trave (Figure 1) and nearby waterways have occurred over the years.
Also, high concentrations of heavy metals and other pollutants have
been documented at a historical dumpsite in Liibeck Bay, where
dumping occurred in the late 1950s and early 1960s (Leipe et al.,
1998; 2005).

As the material sinks through the water column, some of the
finer material is transported away as a sediment plume, while the
remaining part sinks to the seabed and is likely to collapse and
spread radially at the bottom of the seafloor (Truitt, 1988). Repetitive
dumping of coarser material likely determines the string pattern.
Similar linear arrangements of irregular high reflectivity patches
have been observed in SSS images at the Point Gray dumpsite in
Canada (Hart, 1992; Mosher et al., 1997; Sullivan et al., 2006) and in
southeastern Sicily (Budillon et al, 2022). They are linear or
curvilinear successions of high backscatter patches caused by
dumping material on fine-grained seafloor from a mobile barge.
The spacing between discrete patches is very consistent, indicating
intermittent release of loss material from the mobile barge close to
the disposal site, which likely occurs due to sediment losses through
the weir boxes. Also, as a result of the ship moving forward or
drifting, “string of pearls"-like features form on the seafloor (Mosher
et al., 1997; Blondel, 2009). The seafloor relief character of these
structures may be influenced by the speed of ship movement, the
amount and type of material dumped, and post-depositional
dispersion processes (Budillon et al., 2022).

Local variations in backscatter strength thus may be caused by
the effect of the dumped material being coarser or harder than the
surrounding seabed and by centimeter-scale bathymetric differences
(Supplementary Figures S2, 3). However, outside the Liibeck Bay

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1170787

Diaz-Mendoza et al.

10.3389/feart.2023.1170787

Class Description Featune namle./ MBES/SSS SBP Profile
suspected origin Backscatter
Positive relief, ring-shaped features with high N~
backscatter and in SBP internal chaotic Dumping rings /
1 reflectors. They are above mean seafloor Dumping of dredged
depth and very often present internal material
@ elevations.
% Random high backscatter ‘splotches’, positive Random dumping AN —
K} 2 relief or slightly negative relief (depending on spots / Dumping of .
g the hardness of the substrate). material
©
(o]
S Flat areas of string of high backscatter Strings of dumping o,
_g 3 rounded spots with no evidence of seismic spots / Loss of Q@
E acoustic anomalies. dumping material o
Craters / S e
5 U-shaped craters without elevated rims. ammunitions
blasting
Natural Craters without elevated rims and with gas \ /
features 6 related acoustic anomalies: acoustic turbidity, gockmarks /t it (7 —— /7 —
acoustic blanking, high-amplitude reflectors. eepage actvity > .
High backscatter ring-shaped features with
elevated rims and vertical seismic acoustic
Ambiguous 4 anomalies, enhanced reflectors, velocity ‘pull- No defined Q
up’ reflectors, and in association with acoustic
blanking.

Backscatter intensity

High

FIGURE 12

Low

l:] Acoustic anomalies

Classification of circular features and schematic representation showing main feature classes observed in the hydroacoustic data

Positive relief

|

Mounds with
internal
chaotic and
disturbed
reflectors

(2]
w
o
=

Coarser
material than the
surrounded
sediment

m Dumping on softer i
st ff oumping |

FIGURE 13

/T,

Coarser / denser

Circular feature

Y
5-100 m DIA -_—

@
8o
20
@ ﬁ No ring-shaped feature
= /\
n g HB Variable
(2~
28 e T, =
[ Scattered
m g Scattered / Grouped String pattern
=o

N

Negative relief Nearly

l flat

Disturbed
reflectors

Associated faulting
and larger craters

Seepage /

Pockmark

U-shaped features

l

Coarser material

material than the than the Located in (suspected)
surrounded surrounded munition dump sites
sediment sediment

Ammunition

explosion

Negative relief

Descriptor

Possible origin

Ring-shaped feature

|

HB rim

T~

Associated acoustic
blanking/turbidity

l

Pipes, vertical anomalies, enhanced
reflectors, reflectors ‘pull-down’ or

flares in the water column

Bubbles in the
water column

Seepage -
Pockmark

Approach for the systematic characterization of circular structures on the seafloor. HB, High backscatter.

Frontiers in Earth Science

17

Craters with elevated rim

Associated HB halos

Torus structures-
generally above mean
seafloor depth

|

Chaotic and disturbed
reflectors

l

Masking is possible to occur

Dumping of

material

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1170787

Diaz-Mendoza et al.

dumping site and in the Flensburg Fjord dumping site, the structures
do not show significant substrate differences between the surface
sediment of the high backscatter string of patches and the
surrounding sediment (Figure 5; Supplementary Figure S1).

The high backscatter of the circular features in Liibeck Bay can
be explained by the presence of mussels and coarser material than on
the surrounding seabed (Supplementary Figures S2, 3). The presence
of benthic organisms has been reported to alter seabed roughness
and heterogeneity on a centimeter-scale, and, hence, the amplitude
of acoustic signals scattered from the seabed (Briggs et al., 2002;
Heinrich et al,, 2017b). In contrast, in Flensburg Fjord and outside
the dumping site in Liibeck Bay, the grab samples did not show any
trace of organisms affecting the small-scale roughness of the
seafloor, thus explaining the backscatter signature of the features
(Figure 2; Supplementary Figure S1).

In addition, the MBES data show that the features of Class 3 are
nearly flat. It is possible that part of the dumped material was
dispersed, and a thin layer of natural sediment covered the resulting
dumping structures (Lichr et al., 2013; Virtasalo et al., 2018).
That could explain the poor differences in granulometry between
the patches and the surrounding seafloor (Supplementary
Figure S1F).

Based on this assessment, we suggest that the Class 3 circular
structures resulted from underway loss of material from moving
platforms. Depending on the properties of the deposited material, it
locally alters the seafloor sedimentology and provides a variety
that serves as a settling ground for benthic organisms
(Supplementary Figures S3F, G, I, K). However, additional
information, including ground truthing and models, is needed
to verify whether these structures are associated with the loss of
material from a moving platform and to better understand their
formation mechanism.

5.1.4 Class 4—high backscatter ring-shaped
features with SBP acoustic anomalies: Ambiguous
Class 4 structures overlie Holocene sediments in areas where
acoustic blanking is present (Laier and Jensen, 2007) (Figure 1). The
plan view and dimensions of the features observed in Gelting Bay are
comparable to elliptical depressions found in the Helgoland Reef
pockmarks (Krimer et al, 2017). In the SBP data, columnar
anomalies, areas of acoustic blanking, and high amplitude
reflections suggest the presence of gas (Figure 6H). However,
areas of acoustic blanking found directly beneath the structures
may also indicate signal attenuation due to denser material overlying
them. In addition, “pull-up reflectors” (Figure 6G) indicate a low
seismic velocity anomaly in the overlying sediments (Micallef et al.,
2022). This suggests that the sediments composing Class 4 structures
have higher acoustic impedance and, therefore, higher seismic
velocities. Where these structures appear, an enrichment of
benthic the
(Figure 6D), which could be explained by the preference of

communities is observed in video profiles

species like mussels,
reinforces the high backscatter signature of the torus (ring)
features (Tauber, 2009).

In the SSS imagery, these features look similar to Class 1 features

colonizing on hard material, which

and the dumping structures reported in Mecklenburg Bight (Leipe
et al.,, 2005; Stockmann et al., 2009). However, MBES cross sections
showed that the bottom of the craters is mostly below the local mean
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seafloor depth (Figures 6E, 9D). The deposition of dumped material
would generate a morphology representing accumulation of
material rather than deepening. Moreover, according to
HELCOM (2019) dumping activities of dredged material were
not reported in this area between 2006 and 2019. As there is no
consistent evidence of gas or dumping of dredged material, the
mechanism responsible for the formation of these structures is still
ambiguous.

5.1.5 Class 5—craters without a raised rim:
Explosion craters

In Kiel Bight, Class 5 features correspond to the circular
depressions reported at Kolberger Heide ammunition dumpsite
(Kampmeier et al., 2020) (Figure 7A). Those features occur on
fine to medium sand and mixed sediments and have an average
diameter of 20 m and an average depth of 1.5 m. Numerous objects
associated with munitions were also observed. Following
Kampmeier et al. (2020), we associate the Class 5 features as
resulting from in-place blasting of munitions.

The craters observed northwest of Fehmarn Island
correspond to mine-blasting craters (Papenmeier et al., 2022)
related to NATO maneuvers to clear 42 British mines in August
2019 (Siebert et al., 2022). The blasting affected the geological basement
and the layers on top (Figure 7H), which correspond to lag deposits
overlying glacial till (Feldens et al.,, 2015; Papenmeier et al., 2022). These
deposits can also be seen in the video profiles, where they are evident on
the walls and around the crater rim. Boulders were also observed on the
rim and around the craters in video profiles (Figure 7F), as well as in
bathymetric data (Papenmeier et al., 2022). None of the Class 5 craters
show significantly elevated rims in any of the surveys. Although the
circular geometry of craters found in Kiel Bight and Fehmarn Belt is
similar, the depths, diameters and slopes differ. Craters in Fehmarn Belt
are deeper but smaller, and have steeper slopes. This might be due to the
properties of the substrate, seafloor regeneration rates and the type and
charge of the explosive.

The sedimentology of the crater floor is conditioned by substrate
type, crater depth, water depth and currents. For example, the
shallow crater in Kiel Bight has sandy beds with shells, while a
deeper crater in the same area in slightly deeper waters has fine
sediments on the crater floor. In areas where sediment is regularly
transported, shallow craters may regenerate faster than deeper pits
(Diesing and Schwarzer, 2006).

5.1.6 Class 6—pockmarks

The observed craters without elevated rims and with vertical seismic
anomalies always occur on top of horizontally stratified reflectors that
correspond to Holocene deposits (Atzler, 1995). The evidence of gas
observed in the SBP, together with the environmental setting, suggests
that the craters were likely formed by seepage activity. These
manifestations include acoustic blanking (Ja$niewicz et al, 2019
Micallef et al,, 2022), vertical acoustic anomalies or pipes (Cartwright
etal, 2007), acoustic turbidity (Jasniewicz et al., 2019) and high amplitude
reflectors (Micallef et al., 2022). Nonetheless, no flares were observed in
the water column during our investigations.

In Flensburg Fjord, black-colored sediments taken from those
structures had a strong H,S smell, suggesting sulfate reduction by
micro-organisms. Following formation of the pockmark crater due
to the ascension and release of gases or liquids, fine sediment is
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dispersed and transported away by currents while coarser material
remains in the central part of the depression. This results in a higher
backscatter signature and the so-called “eyed-pockmarks” (Hovland
et al., 2002) (Figure 8, inset 1).

Numerous similar circular depressions in the seabed are also
observed in Liibeck Bay. Some of them have seismic and
morphological characteristics similar to those in Flensburg Fjord,
and acoustic turbidity in the seismic data indicates that shallow gas is
present in the subsurface (Laier and Jensen, 2007). Structures
showing these characteristics were classified as pockmarks.

5.2 Discriminating between the origin of
circular features: natural or anthropogenic?

Classification of the circular structures involves setting a number
of descriptors for their definition; including morphology, backscatter,
and seismic information (Figure 12). These parameters can be related
to possible formation mechanisms, which allow to distinguish
between natural and anthropogenic origins.

In this study, we propose a standardized approach to discriminate
between different circular structures. This is especially useful when the
circular structures of a given research area are not located in areas where
known human activities have been carried out (e.g., location of dumping
sites on nautical charts). This approach integrates backscatter data from
MBES, SSS, bathymetry, morphology, seismic parameters and additional
optical information (Figure 13). Through observing and identifying a
series of certain attributes, the origin of a circular structure can be
approximated.

Out of 3275 features, 1,527 of them are suspected to be of
anthropogenic origin (47% of the IFD), while 229 features (7%) are of
natural origin, and 1,519 structures remain ambiguous or unclassified
(46%). Only Class 3 features (pockmarks) are formed by natural processes.
Other structures were related to anthropogenic processes, including
dumping material (classes 1, 2 and 3), and craters created by munitions
blasting (Class 5). Furthermore, while similarities are observed between
Classes 4 and 1 features, the origin of Class 4 features remains unclear.

Unclassified circular features could not be analyzed in detail due to
insufficient data (e.g, absence of high-resolution MBES data),
remoteness, and dissimilarity with other classified features. These
factors meant that no extrapolation or application of the classification
could be performed. Some other features were also defined as unclassified
due to the difficulty in separating the different formation processes
occurring in the same area. This was particularly an issue in Liibeck
Bay, where the origin of the various circular structures is not clearly
evident (Supplementary Figure S5) because the features could be masked
by one or more different processes. A large amount of dumped munition
material has been reported here (Frey et al, 2021), and the dumping of
dredged material has also been a common practice.

Our results show that a multi-methodological approach is needed
to identify the origins of circular features. Hydroacoustic methods such
as SSS, MBES and SBP are essential tools to better characterize the
seafloor and subsurface physical properties. However, they are
insufficient when used alone and without a multimethod approach,
it is challenging to accurately interpret the acoustic data and classify
Furthermore,
sedimentological analyses, are essential to further understand and

seabed features. in-situ  observations, including

validate the origin of circular structures.

Frontiers in Earth Science

10.3389/feart.2023.1170787

5.3 Temporal and spatial stability of seafloor
circular structures

Post-formation changes should also be considered for all
seafloor features.
structures and the backscatter character have been preserved

Although the morphology of circular

for decades in some areas (e.g., Supplementary Figure S11),
sediment re-mobilization induced by natural conditions like
wave-induced currents and/or human activities may influence
the structures on the seafloor. Bottom trawling, for instance,
occurs in various parts of the Baltic Sea (Krost et al., 1990; Bunke
etal., 2019; Schonke et al., 2022). Fishing gear can create furrows
on the seafloor (Figures 4, 8; Supplementary Figure S11) with
penetration depths exceeding 25 cm (Schonke et al., 2022). This
leads to sediment suspension into the water column (Bradshaw
et al,, 2021) and redistribution of the upper centimeters of the
seafloor sediments (Oberle et al., 2018). As a result, the initial
structural characteristics of the circular features may be altered
(Supplementary Figure S11).

Creating an inventory of anthropogenic structures and their
temporal and spatial stability is essential for assessing seabed integrity
in the context of marine ecosystem management. The Marine Strategy
Framework Directive (MFSD) aims to achieve a “Good Environmental
Status” (GES) (European Commission, 2008). The criteria D6C1 and
D6C2 in the directive focus on evaluating the spatial extent and
distribution of physical loss or disturbance of the seabed (European
Commission, 2017).

According to the European Commission (2017), a physical loss
is a “permanent change to the seabed which has lasted or is expected to
last for a period of two reporting cycles or more (12 years)”, and a
physical disturbance or damage is defined as “a change in the seabed
that can be restored if the activity causing the disturbing pressure
ceases” (Korpinen et al., 2018). Dumping material could lead to
physical loss because it alters the physical properties of the seabed
for more than a decade. When the type of material dumped differs
from the in-situ substrate, there is physical loss. Especially if the
material is contaminated (e.g., dumping of industrial waste material
in the past; Leipe et al, 2005) and not buried by natural
sedimentation (e.g., Class 2 and probably Class 3 in Liibeck Bay;
On the other hand, when no
contaminated material is dumped; as we assume for the recent

Supplementary Figure S2, 3).

dumping sites, and the site has the potential to be an artificial reef
where macro-zoobenthic communities can colonize, the new
substrate can be considered as having ‘potential ecological value’
(Korpinen et al., 2018; Virtasalo et al., 2018). This study has shown
how the structures resulting from the dumping of dredged material
at the Flensburg Fjord dumping site represent a substrate for the
colonization of benthic communities (Supplementary Figures
S10A, B).

In the case of ammunition crater blasting, the blasting affects not only
the top of the seabed, but also the underlying till deposits (Figure 7H).
This implies that the substrate that is exposed is not always the same as
that which was removed by the blasting (physical loss). Hydroacoustic
data show how the craters are partially filled after 2 years, indicating a
partial restoration of the seafloor morphology. Although the back-filled
material differs from the original, new species could establish on the
modified “new habitat”. Nonetheless, the remnants probably left by the
blasting constitute adverse effects for the biotic component.
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6 Conclusion

Hydroacoustic data reveal circular seafloor features up to tens of
meters in diameter in water depths between 8 and 25 m in the
southwestern Baltic Sea. They are mainly found in silty sediments.

This study uses a multi-method approach employing hydroacoustic
data from SSS, MBES, SBP as well as seabed sediment samples and
ground truthing. Examination of the size, morphology and hydroacoustic
signatures of the circular structures allows to distinguish between six
classes resulting in a classification decision tree as a tool for differentiating
between natural and anthropogenic origins of the circular structures.
Because features of known different origin appear similar in individual
data and derived parameters, this study demonstrates that such a multi-
method approach is essential to distinguish between different circular
structures on the seafloor and to identify their natural or anthropogenic
generation mechanisms.

Based on data analysis and comparisons with relevant literature, only
one of the six classes (Class 6-Pockmarks) is related to natural processes,
four to anthropogenic activities, and one class remains undetermined.
Furthermore, because human activities have been registered in the study
area, the traces left on the seafloor can be explained. Classes 1, 2, 3, and
5 represent examples of the result of anthropogenic activities-seafloor
interactions, where the dumping of material or sediments and the
detonation of munitions has left circular scars on the seabed.

Our findings contribute to a better understanding of the
different traces formed by anthropogenic and natural processes
on the seafloor and provide a basis for future exploration of
circular features on the seafloor. This research is also relevant for
marine ecosystem management in terms of identifying human
pressures that impact upon seafloor integrity in accordance with
directives such as the MSFD (European Commission, 2008).
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