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Abstract

:

Military munitions from World War I and II dumped at the seafloor are a threat to the marine environment and its users. Decades of saltwater exposure make the explosives fragile and difficult to dispose of. If required, the munition is blast-in-place. In August 2019, 42 ground mines were detonated in a controlled manner underwater during a NATO maneuver in the German Natura2000 Special Area of Conservation Fehmarn Belt, the Baltic Sea. In June 2020, four detonation craters were investigated with a multibeam echosounder for the first time. This dataset is represented here as maps of bathymetry, slope angle, and height difference to the surrounding. The circular craters were still clearly visible a year after the detonation. The diameter and depth of the structures were between 7.5–12.6 m and 0.7–2.2 m, respectively. In total, about 321 m2 of the seafloor was destroyed along the track line.
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1. Summary


Explosives at the seafloor, including unexploded ordnance and discarded military munition, are a threat in many seas worldwide [1,2,3,4]. They are relics of combats and bombing during World War I and II or post-war munition dumping [5,6]. An estimated 1.6 million tons of military munition still exists at the ground of the German marine waters. For the German Baltic Sea, 300,000 tons of conventional and 5000 tons of chemical munition are estimated [5]. A lack of documentation and missing data make the numbers unreliable, and the full amount is not known yet. Between 2013 and 2018, more than 21,500 new objects were reported for the German North Sea and Baltic Sea [7]. In the Baltic Sea, the munitions are predominantly located in the coastal zone and randomly distributed in the Exclusive Economic Zone (EEZ) [5]. The explosives are a threat to marine traffic, fisheries, offshore construction, and the marine ecosystem. In case of contact with, e.g., anchors or fishing gear, there is a risk of uncontrolled explosion. Furthermore, there is the risk of releasing toxic compounds [8]. Several scientific studies have measured explosive compounds and their degradation products in the sediment, water column, and those accumulated in marine invertebrates [2,9,10,11]. This poses the potential of toxic substances entering the food chain and becoming a risk to human food safety [12,13]. International conventions and directives (e.g., HELCOM, OPSAR, MSFD, MPRSA) rate munitions in the marine environment as a serious source of contamination and pollution, and prohibit the dumping of munition [4,14]. The handling of ordnance (clearing or leaving it untouched) is still under discussion in Germany, and numerous projects are working on the development of monitoring and clearance strategies [15]. However, the salvage of the explosives is often critical. Spending about 80 years underwater and being exposed to saltwater, dissolved oxygen, and microbial activity makes the explosives difficult to recover. The munition housings and fuses are becoming fragile, and chemical changes of the fillers increases the impact sensitivity of the explosive charge [16]. When the object is not suitable for handling, transport, and elimination on land, the explosives are controlled blast-in-place [17]. Representatives of environmental authorities and science demand that this method should be avoided or even stopped altogether [17,18]. The underwater detonation of munition has a catastrophic impact on the organisms living in the surrounding area and their habitat. The shock wave destroys any organisms and can still harm the sensory organs of porpoises many kilometers away [19,20]. Incomplete detonations leave substantial quantities of the explosive material in the environment, which is absorbed by organisms (e.g., mussels) and enters the food chain [17]. Further, the detonations displace large amounts of substrate and leave a detonation crater.



In August 2019, 42 ground mines of type MK 1–7 from World War II were controlled detonated underwater during a NATO maneuver in the Natura2000 Special Area of Conservation (SAC) Fehmarn Belt, the Baltic Sea. This area (EU-code: DE 1332–301), 280 km2 in size, is located between the Danish island of Lolland and the German island of Fehmarn. Through the 18 km wide strait, 70% of the water exchange between the North Sea and the Baltic Sea takes place [21]. The area has a special ecological function and includes the protected habitats sand reef (FFH-code 1110) and reef (FFH-code 1170). Invertebrates and numerous fish species find ideal breeding and rearing conditions, which make the area an attractive feeding area for harbor porpoises and harbor seals.



The impact of the underwater blasting campaign in the SAC Fehmarn Belt on the environment is not yet fully understood. Siebert et al. [19] documented 24 dead harbor porpoises between September and November 2019 along the coastline of the federal state Schleswig-Holstein. Eight animals indicated blast injuries. For invertebrates, chemical contamination of water and sediment, and sedimentological changes, reports are still missing.



This article represents a multibeam echosounder (MBES) dataset recorded in the SAC Fehmarn Belt in summer 2020, showing four detonation craters. The data acquisition aimed to describe the geomorphology of the detonation craters for the first time. The data will serve as a basis for future monitoring.




2. Data Description


The bathymetric data were collected on the 27th of June 2020 as underway research data during the cruise EMB239 with the German research vessel Elisabeth Mann Borgese. The transit between two study areas was used to record a 1.5 km long track, which is located approximately 2 km south of the submerged river channel Vinds-Grav in the Fehmarn Belt (Figure 1) and runs from northeast to southwest. The water depth along the track line is 20.5 m in the north and 16 m in the south.



For data acquisition, the ship’s hull-mounted Sonic 2024 (R2Sonic Inc., Austin, TX, USA) multibeam echosounder (MBES) was used. Acquisition of vertical sound velocity profiles during underway MBES data collection was not possible. However, surface sound velocities for beamforming were supplied by the vessel’s self-cleaning monitoring box (-4H-JENA engineering GmbH, Jena, Germany). A Trimble SPS461 system (Trimble Inc., Sunnyvale, CA, USA) provided the GPS information, and the motion source (true-heading, attitude, speed, and position) was an iXblue Photonic Inertial Navigation System (PHINS) (iXblue company, Denver, CO, USA). The vessel speed was 2.8 knots during acquisition.



Raw data, the original packets of the MBES system, was sent to the recording software Quinsy v8 (Quality Positioning Services B.V., Zeist, The Netherlands) and saved as database file (*.db). The sonar operation settings are documented in Table 1. Resolution of the bathymetric data varies depending on water depth and position across-track, but spatial resolution is better than 25 cm. To make the data usable without any specific software and publically available, the raw dataset was converted to an ASCII data file and published in the CERN’s Data Centre Zenodo [24]. To do so, the database file was loaded in Qimera v2.4.3 (Quality Positioning Services B.V.) and automatically processed to compute the sounding footprint location under consideration of sound velocity, position, motion, and heading information. The applied vessel parameters (system offsets) are listed in Appendix A. The georeferenced soundings were exported without any bathymetric data cleaning as a comma-separated ASCII file in the coordinate reference system EPSG: 32,632-WGS84/UTM zone 32N. The file entries are listed in Table 2.




3. Methods


To display the detonation craters, MBES data were used to prepare maps of bathymetry, derived slope angle, and height difference to the surrounding as well as cross-sections profiles. To do so, the sounding footprints computed from the loaded database file were further processed in Qimera v2.4.3 (Quality Positioning Services B.V.). First, the outer 20 beams on the port and starboard side, which provide bad data quality, were excluded. Afterward, a gridded bathymetric surface model with a resolution of 0.25 m was created. This dynamic surface was then filtered with a pre-configured filter. The weak spline function, configured for a depth range of 0–20 m, first fits a 3D spline to the dynamic surface and then rejecting points that lie too far from the spline [25] After large spikes were automatically removed, the dataset was cleaned in more detail by hand. Before exporting the bathymetric grid as a raster file (GeoTIFF), the surface was interpolated with the settings: minimum 5 neighbors, 4 iterations, average interpolation type. With the tool “Create Profile”, cross-sections were generated for each detonation crater and saved as an image. Additionally, the geographical coordinates of the profiles were exported as ASCII files to display the profile locations later in the maps.



Further data handling was performed with ArcGIS Desktop 10.8.1 (1999–2020 Esri Inc., Redlands, CA, USA). The slope angle from each cell of the raster surface was calculated with the spatial analyst tool “slope”. Slope contour lines were generated afterward with the spatial analyst tool “contour” with intervals of one degree. Since the seafloor surrounding the detonation craters has a slope angle of 0–5°, the outer boundary of the craters was defined with the 5° isoline. These isolines were used as masks to extract the bathymetry of the detonation craters. For these bathymetric snippets, the crater height difference to the surrounding seafloor was calculated with the means of the ArcGIS Desktop Raster Calculator. The volume was calculated with the 3D analyst tool “Surface Volume”.




4. Results and Discussion


Four circular detonation craters were observed along the track line in a water depth of 17.5–20.2 m. Maps of bathymetry, slope angle, and height difference to the surrounding are shown in Figure 2. Detonation craters numbering 1 to 3 are about 20–30 m away from each other (Figure 2A). A fourth crater exists approximately 330 m to the southwest (Figure 2D). All craters are located at the edge of the abrasion platform northwest of Fehmarn Island (Figure 1). Sediment maps [26,27] indicate for this region coarse sediments and lag deposits that are on top of glacial till [28]. Coarse sediments are defined as gravelly sand, sandy gravel, and gravel [29]. The lag deposits, a mixture of coarse sand, gravel, and boulders, are residue left-behind material. Fine material was winnowed from the glacial till, which originates from Pleistocene glaciations [30,31]. About 300–500 m further east, a high density of boulders is known. For this region, the maps do not show any boulder occurrences [32]. However, in the bathymetric data, individual larger boulders (60–160 cm across, 10–60 cm high) are visible in the vicinity of the craters (Figure 2A,D). They are even more evident in the slope maps derived from bathymetry data (arrows in Figure 2C,F). Boulders and lag deposits are categorized as substrates being relevant for the mapping of the habitat type “reef” in the sense of the flora–fauna–habitat (FFH) directive [33].



The geometric dimensions of the detonation craters are given in Table 3. Cross-sections for all four detonation craters are displayed in Figure 3. The structures are 7.5–12.6 m across at the top of the craters. The largest extension was crater 2. The relief of the detonation craters is conically shaped. The angle of the slopes averages 13–20°, in places the slopes are inclined up to 65° (Figure 2C,F). The bottoms of the craters are almost flat and have a diameter of 2.2–3.2 m. The depth of the craters ranges between 0.7 and 2.2 m (Figure 2B,E). The deepest crater is crater number 4. Similar dimensions and shapes have been described for detonation craters at the munition dumpsite Kolberger Heide (Kiel Bay, Germany), which originate from blast-in-place detonations for bubble curtain experiments [6].



The measurements have been taken place about one year after detonation. At this time a total surface area of about 321 m2 along the profile had been destroyed by the four detonations, and about 192 m3 of sediment had been relocated. The mobilized sediments must have been deposited in the immediate vicinity. However, sediment accumulations at the edge of the craters are not visible one year after detonation. Assuming the sediment was deposited in a 5 m buffer around the crater, the height of the accumulation would range between 7 and 30 cm.



Whether a morphological regeneration has taken place within one year is unclear but considered to be low. Results from studies monitoring dredging pits have shown that these depressions, which were comparable in size and located in a similar sedimentary environment to the detonation craters, recovered hardly within one year [34]. Only the edges became more diffuse because of wall-collapsing, and some fine material was trapped in the center of the pits. Similar observations were made for dredging pits in the North Sea [35].




5. Conclusions


The craters caused by the ground mine detonation were detectable in detail, and the geometric dimensions were calculable by the first-time multibeam echosounder survey. The explosive force caused depressions so large that they still existed a year after the detonations. This dataset is the basis for future investigations. To understand the full impact of the detonation on the environment, it is planned for this survey to be repeated together with sedimentological and biological investigations. Since the craters are located in a special area of conservation, it is of special interest to determine the time needed to re-establish the habitat integrity.
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Table A1. Vessel parameters describing the system offsets. Positive motion values: roll port up, pitch bow down, heave up. Positive direction: forward, to starboard.






Table A1. Vessel parameters describing the system offsets. Positive motion values: roll port up, pitch bow down, heave up. Positive direction: forward, to starboard.





	System
	Offsets





	Transducer
	Roll −0.14°, Pitch 0.65°, Heading 1.15°, Starboard 1.109 m, Forward 11.057 m, Up −2.394 m



	Receiver
	Roll −0.14°, Pitch 0.65°, Heading 1.15°, Starboard 1.109 m, Forward 10.796 m, Up −2.394 m



	GPS antenna
	Latency 0 s, Starboard −3.348 m, Forward 4.24 m, Up 10.942 m



	Motion sensor
	Latency 0 s, Heave Delay 0 s, Roll 0.1°, Pitch 0.3°, Heading 0°, Heave 0 m, Starboard 0.5 m, Forward −2.6 m, Up 1.08 m



	Motion sensor
	Latency 0 s, Heave Delay 0 s, Roll 0.1°, Pitch 0.3°, Heading 0°, Heave 0 m, Starboard 0.5 m, Forward −2.6 m, Up 1.08 m
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Figure 1. Map showing the location of the track line and detonation craters within the Special Area of conversation (SAC) “Fehmarn Belt”. The location of the study area is highlighted by the red box in the overview map. Bathymetry data source provided by [22,23]. 
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Figure 2. Maps of morphology (A,D), height difference to the surrounding seafloor (B,E), and slope angle (C,F). Four detonation craters were observed within the multibeam echosounder dataset. The black lines mark the position of the cross-sections in Figure 3. The arrows in (C,F) highlight boulders in the vicinity of the detonation craters. 
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Figure 3. Cross-sections for detonation craters 1–4. The coloring changed with bathymetry level. 
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Table 1. Multibeam echosounder operation settings.






Table 1. Multibeam echosounder operation settings.





	Parameter
	Setting





	Frequency
	400 kHz



	Raw sampling rate
	20 Hz



	Sector coverage
	120°



	Sounding pattern
	Equal distance



	Number of soundings
	256



	Pulse-type
	Shaped continuous wave
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Table 2. Entries of the ASCII data file published in the CERN’s Data Centre Zenodo [24]. All coordinates are given in the coordinate reference system EPSG: 32,632-WGS84/UTM zone 32N.






Table 2. Entries of the ASCII data file published in the CERN’s Data Centre Zenodo [24]. All coordinates are given in the coordinate reference system EPSG: 32,632-WGS84/UTM zone 32N.





	Entries
	Description
	Unit





	Beam
	Beam number (1–256)
	Dimensionless



	Date time
	Recording date time
	yyyy-MM-dd hh:mm:ss.zzz



	Footprint X
	X location at seafloor
	UTM coordinate



	Footprint Y
	Y location at seafloor
	UTM coordinate



	Footprint Z
	Depth (positive upward)
	Meters



	Ping
	Ping number
	Dimensionless



	Sound speed
	Surface sound velocity
	Meters/second



	Transducer heading
	Heading calculated for transducer
	Degree



	Transducer pitch
	Pitch calculated for transducer
	Degree



	Transducer roll
	Roll calculated for transducer
	Degree



	Transducer X
	X location of transducer
	UTM coordinate



	Transducer Y
	Y location of transducer
	UTM coordinate



	Transducer Z
	Transducer height relative to sea surface (positive upward)
	Meters



	Two-way travel time
	Elapsed time for acoustic wave to travel from transducer to seafloor and back to receiver
	Seconds
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Table 3. Position (EPSG: 32,632-WGS84/UTM zone 32N) and geometric dimensions of the detonation craters.
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	Crater
	Easting,

Northing
	Water Depth
	Depth Crater
	Diameter Top
	Diameter Bottom
	Area Top
	Mean Slope
	Max Slope
	Volume





	1
	626,925.7

6,050,889.2
	20.2 m
	0.7 m
	7.5 m
	2.2 m
	46 m2
	13.1° ± 7.7°
	36.1°
	14 m3



	2
	626,894.7

6,050,868.9
	19.8 m
	1.8 m
	12.6 m
	3.2 m
	120 m2
	18.2° ± 13.9°
	60.3°
	76 m3



	3
	626,866.8

6,050,859.4
	19.6 m
	1. 0 m
	9.5 m
	3.0 m
	66 m2
	16.8° ± 8.1°
	35.6°
	36 m3



	4
	626,659.4

6,050,586.1
	17.5 m
	2.2 m
	11.0 m
	2.5 m
	89 m2
	20.6° ± 15.5°
	65.4°
	66 m3
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