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Abstract 1 

In 2016, approximately 1800 previously unobserved seabed domes were found in high-resolution acoustic 2 

soundings of the Lumparn Bay in the Åland Islands, northern Baltic Sea. As similar geological features have 3 

only rarely been reported in earlier literature globally, the aim of this study was to characterize the domes, to 4 

investigate their geochemical composition, as well as to determine if they had any effects on the composition 5 

of the benthic fauna. 6 

The domes were generally about 1 m high and had a diameter of 20 - 30 m, while the largest ones were up 60 7 

m in diameter. The domes resembled the initial processes in pockmark formation where gas is trapped under 8 

the sediment surface, doming the sediment upwards. However, no pockmarks were found in the area, 9 

indicating that doming does not result in pockmark formation. High sulphur concentrations indicate 10 

hydrogen sulphide formation within the dome field area while large zones with acoustic blanketing (acoustic 11 

interference) also indicate the occurrence of gas, most likely formed in biogenic processes. Concentrations of 12 

chromium, copper, cadmium, zinc, lead, mercury and arsenic showed some differences in character between 13 

the domes and reference sites. In general concentrations varied less in the domes and were somewhat higher 14 

in the reference sites. Comparison with sediment data from the Gulf of Finland revealed that heavy metal 15 

concentrations were on low levels in the Lumparn Bay. The non-metric multidimensional scaling (NMDS) 16 

showed some, although not significant, differences between the benthic invertebrate communities of the 17 

domes and the reference sites. 18 

 19 
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1. Introduction 1 

Shallow gas of either thermogenic or biogenic origin, occurs commonly in marine sediments 2 

(Hovland et al., 1993). Thermogenic gas is produced at greater temperature and pressure within the 3 

bedrock, rather than in the sediment (Hutri and Kotilainen, 2007) while biogenic gases, such as 4 

hydrogen sulphide or methane, are produced when organic material in the sediments is consumed 5 

by microbial bacteria under reducing conditions (Ingri, 2012). Methane is one of the most common 6 

gases in the shallow sediments and an important greenhouse gas (Brodecka et al., 2013). Although 7 

not yet quantified, up to 30% of the world’s continental shelves are estimated to produce biogenic 8 

gas through the degradation of organic material (Garcia-Gil, 2003).   9 

Once formed, the diffused gases are stored in pore water until they exceed solubility and form gas 10 

bubbles. Bubbles move through the sediments once sufficient amount of gas has been produced 11 

(Garcia-Gil, 2003; Hovland et al., 1993). The methane reduction zone is usually found under the 12 

sulphide reduction zone about 1.8 - 2 m in the sediments (Hovland et al. 1981). However, this depth 13 

may vary depending on sediment characteristics and the environment. The layer between sulphate 14 

reducing sediments and the methane reducing sediment is known as the sulphate-methane transition 15 

(Iversen and Jørgensen, 1985; Oremland and Taylor 1978), also called the sulphate-methane 16 

transition zone (SMTZ, Brodecka et al., 2013). In the Vyborg Bay in the Gulf of Finland (northern 17 

Baltic Sea), the SMTZ was observed at only 10 - 20 cm in the sediments (Pimenov et al., 2012). 18 

The extent of gas production from biogenic sediments is highly dependent on the microbial activity 19 

inside the sediments, and reliant on a maintained anoxic environment (Pimenov et al., 2012). 20 

When gases or fluids seep through the seabed surface, they form depressions, which are referred to 21 

as pockmarks. First, fluids or gases accumulate inside the sediment, causing it to gently dome 22 

upwards. As the pressure increases, the gasses seep through the overlying sediments, sometimes 23 

even explosively. This displaces the overlying finer sediments, which creates a depression in the 24 

sediments. If the seepage continues, the depression is further eroded and the pockmark grows 25 
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(Hovland and Judd, 1988). If carbonate structures are found within pockmarks, and they host 1 

specialized species assemblages, they may be classified as “submarine structures made by leaking 2 

gases”, a Natura 2000 habitat listed in Annex II of the European Commission Habitats Directive 3 

(European Commission, 2013). 4 

In seismic-acoustic surveying profiles, gas can be observed either through seepages or as 5 

accumulations. Gas is clearly visible on acoustic profiles as the signal is refracted due to the 6 

difference in acoustic properties of gas and the surrounding sediments. Gas can often be observed as 7 

acoustic masking of the underlying stratigraphy on acoustic profiles. Gas-related structures on the 8 

seabed surface, such as pockmarks, are easily identifiable on the acoustic profiles due to their 9 

physical characteristics (Baltzer et al., 2005).  10 

In the Baltic Sea area, the presence of biogenic gas is well documented. A number of large 11 

pockmarks and associated methane, were found in the Gdansk Deep, south-eastern Baltic Sea 12 

(Ulyanova et al., 2012), which supports that the postglacial sediments in the Baltic Sea are prone to 13 

produce biogenic gas. The production of gas from organic sediments was also observed in Vyborg 14 

Bay in the eastern Gulf of Finland (Pimenov et al. 2012). The pockmark-like structure found in the 15 

area was not, however, formed through biogenic processes, but may have been related to e.g. 16 

groundwater discharge (Pimenov et al., 2012). Pockmarks have been found along the Swedish coast 17 

and in the Åland Sea (Flodén and Söderberg, 1988). Most pockmarks in the inner Swedish 18 

archipelago are formed through shallow biogenic processes. However, the Wettershaga pockmarks 19 

in the outer Swedish Archipelago are likely of thermogenic origin, based on a geochemical analysis 20 

of the gas, as well as their explosive characteristics (Flodén and Söderberg, 1988). The pockmarks 21 

in Åland Sea were probably also formed by deep-seated natural gas, since they are concentrated 22 

along a major tectonic lineament (Flodén and Söderberg, 1988). A large number of pockmarks have 23 

been observed also in the Eckernförde Bay in the south-western Baltic since 1966 (Whiticar, 1999). 24 
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These pockmarks occur relatively close to the Schwedeneck oilfield and are likely caused by 1 

movements of hydrocarbon products from the oilfield, rather than by biogenic gas (Whiticar, 1999). 2 

Lumparn is an embayment on the main island of Åland Islands that was acoustically surveyed by 3 

the Geological survey of Finland (GTK) in the summer 2016. During this acoustic survey, a great 4 

number of doming structures were observed, resembling initial stages of pockmark formation. The 5 

main aim of this study was to investigate the structure, distribution, the number and the origin of the 6 

domes, as well as their geochemical composition, in order to characterise them. Parallel to this we 7 

aimed to get a picture of the quality of the Lumparn Bay sediments. Furthermore, the aim was to 8 

find out if the macro invertebrate communities of the domes differed from the surrounding areas or 9 

if they hosted any specialised or new species. The aim was also to find out whether the structures 10 

should be classified as structures made by leaking gases according to the Habitats Directive. 11 

 12 

2. Materials and methods 13 

2.1 Study area 14 

Lumparn Bay in the Åland Islands is a ca. 100 km2 sedimentary basin in a 1000 Ma old crater, 15 

originating from a meteorite during the Proterozoic eon (Figure 1). The surrounding land areas of 16 

the Åland Islands are dominated by Rapakivi granite of 1.6 Ga age, which also forms parts of the 17 

Lumparn bedrock. The main part of Lumparn consists of weathered granite and occasional 18 

undifferentiated sedimentary rock. In the north-eastern part, there is an area of Cambrian sand- /silt 19 

stone covered by Ordovician limestone (Winterhalter, 1982). As common in the Baltic Sea, 20 

postglacial sediments cover the bedrock in Lumparn. The postglacial sediments were deposited 21 

after the retreat of the Weichselian ice sheet during the last ice age (115 000 - 11 600 BP) (Saarnisto 22 

and Saarinen, 2001). 23 

 24 



6 
 

 1 

Figure 1. Overview of the Lumparn Bay study area, northern Baltic Sea. Geological (n=14) and biological (n=26) 2 
sampling sites are marked with circles (domes) and triangles (references). The crosscuts of profiles (2 black lines) are 3 
further presented in Figure 4. 4 

 5 

2.2 Geological methods 6 

The geological methods included acoustic surveying of the study area, and sampling of the surface 7 

sediments. The survey was conducted during the summer of 2016 and the sediment sampling during 8 

the summer of 2017 with the GTK’s research vessel R/V Geomari, see list of sampling sites in table 9 

1. 10 

 11 

Table 1. List of geological and biological sampling sites, WGS84, degrees and decimal minutes. 12 
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   1 

2.2.1 Acoustic surveying 2 

The acoustic surveying was carried out using a MD DSS sonar system (MD DSS Multi-Mode Sonar 3 

System for Sub-Bottom Profiling, Meridata Finland Ltd.). A wide range of different functions of the 4 

system were used. These included a high-frequency (HF) high resolution echo sounding, using a 5 

frequency of 28 kHz with low penetration depth (MD 28); a low-frequency (LF) chirp sounder with 6 

medium resolution and medium penetration depth and a frequency of 3-9 kHz (Massa TR-61A 7 

Chirp); deep penetrating reflective seismic sounder with poor resolution, but good penetration depth 8 

Geol sampl Biol sampl Latitude Longitude Type Depth (m)

3 19.6.2017 60°09,096 020°10,799 Dome 14,0

4 19.6.2017 60°06,475 020°09,240 Reference 23,0

5 19.6.2017 60°07,208 020°06,312 Reference 21,0

6 20.6.2017 20.6.2017 60°08,960 020°04,119 Dome 15,0

7 20.6.2017 20.6.2017 60°09,024 020°08,851 Reference 17,5

8 20.6.2017 20.6.2017 60°09,673 020°03,989 Dome 11,0

9 20.6.2017 20.6.2017 60°09,976 020°04,924 Reference 7,7

10 20.6.2017 20.6.2017 60°10,014 020°05,975 Dome 10,0

11 20.6.2017 20.6.2017 60°09,865 020°06,571 Reference 15,7

12 20.6.2017 20.6.2017 60°10,064 020°09,168 Dome 17,0

13 21.6.2017 7.7.2017 60°10,275 020°11,433 Reference 19,0

14 21.6.2017 7.7.2017 60°09,499 020°10,469 Dome 14,0

15 21.6.2017 7.7.2017 60°09,416 020°10,142 Reference 20,0

16 21.6.2020 60°06,973 020°06,642 Reference 23,2

17 26.6.2018 60°10,064 020°09,168 Dome 16,5

18 26.6.2018 60°10,034 020°09,163 Reference 17,0

19 26.6.2018 60°10,184 020°07,856 Reference 16,2

20 26.6.2018 60°10,004 020°07,213 Reference 15,4

21 27.6.2018 60°09,989 020°07,206 Dome 15,1

22 27.6.2018 60°09,684 020°07,212 Dome 16,8

23 27.6.2018 60°09,700 020°07,220 Reference 16,9

24 16.7.2018 60°10,164 020°07,857 Dome 16,0

25 16.7.2018 60°09,730 020°06,895 Reference 16,4

26 16.7.2018 60°09,709 020°06,897 Dome 16,0

27 16.7.2018 60°09,569 020°06,254 Reference 16,0

28 17.7.2018 60°09,529 020°06,255 Dome 15,1

29 17.7.2018 60°09,257 020°05,460 Dome 17,5

30 17.7.2018 60°09,228 020°05,462 Reference 18,2

31 17.7.2018 60°09,575 020°05,163 Reference 15,1

32 17.7.2018 60°09,550 020°05,163 Dome 14,8



8 
 

(ELMA). A side scan sonar (Klein System 3000) was also used. The data was processed using 1 

ArcMap 10.6 and MDCS/MDPS software package (Meridata Ltd). The retrieved data included 2 

information about the density and sediment characteristics based on the speed of the signal 3 

travelling through the stratum and the subsequent return signal. The echo sounding was portrayed as 4 

a crosscut through the sediments where differences in sedimentology could be interpreted with 5 

software. Seabed structures and formations were also visible, as well as disruptions within the 6 

sediment profiles.  7 

The sediment profiles and the data from the side scan sonar were interpreted using the 8 

MDCS/MDPS software package, based on the characteristics of the sediments. The domes were 9 

also marked on these profiles and on the backscatter layer, when visible. The presence of gas within 10 

the sediment was observed through acoustic masking on the acoustic profiles. The sediments were 11 

identified according to the Baltic Sea stage model, or the relevant facies, as follows: till, glacial 12 

clays (glaciolacustrine rhythmites), ancylus clays (debris-flow deposits), litorina clays (postglacial 13 

lacustrine clays), and recent muds (brackish-water sediment drifts) (Virtasalo et al., 2014), here 14 

defined as modern muddy clays ca 100-200 years of age, found in the topmost part of the sediment. 15 

The side scan sonar provided an overview of the seabed, where the domes were clearly visible as 16 

topographical mounts. Information about the depth and the doming structures visible on the side 17 

scan sonar data were exported via ArcMap to Excel for a statistical overview of the occurrence of 18 

structures. 19 

  20 

2.2.2 Sediment sampling 21 

A total of 14 sediment samples were taken from the northern Lumparn, 6 from the domes and 8 22 

from reference areas outside the domes (Figure 1). The samples were surface cores reaching a 23 

sediment depth of 52 cm, obtained using a GEMAX twin barrel gravity corer. At each sampling site 24 
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two parallel cores were taken simultaneously with the GEMAX -corer, one was subsampled into 10 1 

mm slices and saved for geochemical analysis, while the other core was split and described in situ.  2 

Three of the cores (two from reference sites and one from a dome) were used for age dating, using 3 

cesium isotopes. The age dating was conducted measuring the 137Cs concentrations of the cores 4 

using a gamma spectrometer in order to find the peak indicating the Chernobyl nuclear power plant 5 

accident of April 1986. The Baltic Sea received much of the deposition of the Chernobyl fallout 6 

(Ilus 2007), which makes this dating method successful for most of the Finnish sea areas (Vallius, 7 

2012). The method is based on gamma spectrometry using a digital Brightspec Multi Channel 8 

Analyzer (bMCA) with a 4” NaI/TI detector. The sensitivity of the equipment is 20Bq/kg. This 9 

method is non-destructive and was performed in the geophysical laboratory of the Geological 10 

Survey of Finland.  11 

All chemical analyses were carried out by the chemistry laboratory Eurofins Labtium Oy 12 

(https://www.labtium.fi/en/). In laboratory, the samples were weighed for wet weight, freeze-dried 13 

and weighed for dry weight. Sieving < 2 mm was performed for all samples to remove larger 14 

objects (plant and animal remains). The grain size of the investigated recent mud is so fine that no 15 

finer sieving was considered necessary, as most of it would fall into the finest grain size fractions 16 

(Vallius, 2012).  17 

For the geochemical analysis the samples were totally digested with hydrofluoric - perchloric acids 18 

followed by elemental determination using inductively coupled plasma mass spectrometry (ICP-19 

MS) or inductively coupled plasma optical emission spectrometry (ICP-OES), depending on 20 

element. Mercury was always measured with an Hg - analyser through pyrolytic determination 21 

(Vallius 2012). Total carbon was analysed through CHN - determination with dry combustion 22 

analyser. Geochemical analyses were conducted on the surface sediments of all core samples (top 2 23 

cm). Additionally a total of 7 cores, 2 domes and 5 reference cores, had the whole core analysed. Of 24 
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the geochemical analyses, summary statistics of arsenic (As) and the metals chromium (Cr), copper 1 

(Cu), cadmium (Cd), zinc (Zn), lead (Pb), and mercury (Hg), as well as sulphur (S) are reported here. 2 

 3 

2.3 Biological methods 4 

Sampling of benthic fauna was conducted during summers 2017 and 2018 (20.6.-7.7.2017 and 5 

26.6.-17.7.2018) using an Ekman grab sampler (17 x 17 cm; 289 cm2). In total, 10 stations were 6 

sampled in 2017 (5 on domes, 5 reference samples outside domes) from 7.7 - 20 m depth. Due to 7 

high variation in depth, 16 additional stations were sampled in 2018 (8 on domes and 8 reference 8 

samples) from 14.8 - 18.2 m depth. In 2017, the domes and the reference stations were more 9 

scattered, coinciding with the locations of sediment sampling, but in 2018, the samples on domes 10 

and the references were taken next to each other (Figure 1). At each 26 stations, 3 replicates (total 11 

78) were taken and sieved through a 0.5 mm sieve. The samples were preserved in 70% ethanol for 12 

further analysis. The fauna were identified to the lowest possible taxonomical level and individuals 13 

were counted. 14 

The species richness and abundances of benthos from the domes and from the reference sites were 15 

compared and the differences in Shannon diversity index tested by a T-test (independent T-test in 16 

SPSS). The differences between the faunal communities on domes and outside the domes were 17 

analysed using Non-metric Multi-Dimensional Scaling (NMDS) using PRIMER v7. All replicates 18 

were treated as individual samples in the analysis. Prior to the analyses, the number of individuals 19 

were log transformed and the resemblance matrix was calculated using Bray-Curtis similarity. The 20 

differences between the faunal communities on domes and outside were analysed using the analysis 21 

of Similarities (ANOSIM) and the species contributing to the differences between the communities 22 

were identified using the SIMPER (similarity percentage analysis) routine in PRIMER (Clark and 23 

Warwick 2001).  24 
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 1 

3. Results 2 

3.1. The Seabed of Lumparn  3 

The surveyed area of Lumparn is on average 19.4 m deep, with depths ranging from 4.9 m to 36.1 4 

m, but it is generally flat with gentle slopes (Figure 2A). The depth of the most studied northern 5 

area ranges between 10 - 20 m. The most abundant and notable structures observed across the 6 

seabed of Lumparn were the approximately 1800 domes of varying size (Figure 2B). The majority 7 

of the domes were found in the northern part of the study area (Figure 2B). 8 

Most of Lumparn is covered by recent muds, with only a few areas having older sediments 9 

outcropping (Figure 2C). The sediment thickness in Lumparn varies depending on location, but 10 

commonly a 15 - 25 m sediment layer is observed. In the middle of Lumparn the sediment thickness 11 

reaches 30 - 40 m. Closest to the shores, the sediment’s thickness is <10 m, and in some areas, for 12 

example in the south-eastern part of the study area, the underlying bedrock is exposed (Figure 2C).  13 

The 137-cesium isotope analysis gave a clear curve for the two reference samples. These samples 14 

showed an increase in the radioactive isotope at 9.5 cm (core 11) and 17.5 cm depth (core 15) 15 

(marking the 1986 Chernobyl power plant accident). The net sedimentation rates are hence at 0.30 16 

cm/yr and 0.56 cm/yr respectively. 17 
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 1 

Figure 2. A. A depth model of the surveyed area, with triangles marking the sites of cores that were dated by gamma 2 
spectrometry (see table 1). B. Location of the observed domes. There is a higher amount of observations along the 3 
survey lines (N-S), as they were more easily identified along the surveying lines in the profiles than on the side scan 4 
sonar mosaic. C. Surface sediment map of the surveyed area.  5 

 6 

3.2. Characteristics of the domes 7 

Most domes were observed in areas with recent muds. The domes were most clearly visible on 8 

cross sections of the surveying lines (using the HF and LF frequencies) and also on the side scan 9 

sonar images, although not as clearly. The domes were generally in the same size range; 20 - 30 m 10 

in diameter, 0.5 - 0.75 m in height, and sloping about 2° (Figure 3). The broadest dome was 60 m in 11 

diameter and 1 m in height.  12 
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 1 

Figure 3. Domes on the seabed of Lumparn, interpreted from the multibeam data.  2 

 3 

On the acoustic profiles, the domes had different visual characteristics as well (Figure 4). In one 4 

area, there was masking in the profile that appeared to be gas chimneys directly below the domes 5 

(Figure 4A). In one case, the chimney was slightly offset of the dome and it was unclear if it was 6 

related to the dome, or simply a coincidence in location of the dome and masking in the sediments 7 

(Figure 4B). Some domes showed what appeared as a “bubble” inside of it, pushing up the 8 

overlying sediments (Figure 4B). The smallest domes were sometimes difficult to identify with 9 

certainty, as they rose only marginally up from the seabed surface. The larger domes were clearly 10 

noticeable against the otherwise flat seabed. 11 
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 1 

Figure 4. A. Domes in Lumparn Bay showing associated acoustic interference (acoustic blanketing) underneath. B. A 2 
large main dome with an apparent pocket inside, and smaller domes to the sides that appear to be either covered by 3 
more recent sediments, or forming and doming beneath the uppermost surface sediments. The sediment column 4 
includes the stages from glacial clays (gl), Ancylus lake sediments/postglacial sediments (An/pgl), and Litorina 5 
sediments (Li) to modern muddy clays (mmc), altogether a result of about 10ky of sedimentation. 6 

 7 

The majority of the domes were limited to specific depths (Figure 5). All observed domes were 8 

found in 9 - 25 m depth, and approximately half of them were in 16.4 - 20.0 m depth. The domes 9 

found in deeper areas were notably smaller than those observed around the average depth. 10 

 11 
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 1 

Figure 5. The distribution of domes in Lumparn along a depth gradient.  2 

 3 

Typically, concentrations of elements in the reference cores varied more than in the domes, and 4 

generally, the concentrations were on a higher level in the reference sites as can be seen in table 2, 5 

which shows summary statistics of chromium, copper, cadmium, zinc, lead, mercury and arsenic as well 6 

as sulphur. Chromium is the only element which shows similar concentrations in both the domes and the 7 

reference sites. In order to get an estimate on the levels of the studied elements they were compared with 8 

sediment data reported from the Gulf of Finland (Vallius and Leivuori 1999), table 2. Of the studied 9 

elements only sulphur was not reported from the Gulf of Finland. The heavy metals showed usually clearly 10 

lower values in the Lumparn Bay than in the Gulf of Finland. The only anomalous element was As, which 11 

showed a maximum value of 118 mg/kg in a reference core, being the only measured concentration clearly 12 

higher in the Lumparn Bay than in the Gulf of Finland data.  13 

 The domes showed comparably high sulphur values throughout the cores (median 11900 mg/kg) 14 

with concentrations between 3770 - 20 200 mg/kg in the surface (0-2 cm), while the reference sites 15 

had considerably lower values in the surface (953 - 2700 mg/kg) and higher concentrations (up to 16 

57500 mg/kg) deeper down in the sediment, table 2. The high sulphur concentrations in general 17 
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indicate hydrogen sulphide formation within the dome field area. Large areas with acoustic 1 

blanketing (acoustic interference) also indicated the occurrence of gas in the area, most likely 2 

formed in biogenic processes.   3 

Table 2. Descriptive statistics of heavy metals and arsenic from the Lumparn Bay sediment cores 4 

 5 

The core sediment sample from a dome showed virtually no concentrations of 137Cs isotopes 6 

contrary to the ones taken at reference sites 11 and 15, as explained earlier. As the domes are 7 

uplifted and bulging by gas seepage, the escaping gas may have “flushed” away sediments form the 8 

uppermost layers of the domes into the water column. The domes are saturated with gas, which 9 

further leads to bad quality or complete blanketing of the acoustic signal. Together with the lack of 10 

distinct concentrations of 137Cs data, it is not possible to evaluate reliably the stratigraphy or 11 

sedimentation rates in the domes.  12 

 13 

3.3 Biological communities 14 

The total number of benthic invertebrate species was 27 at depths ranging from 7 - 19 m. The 15 

invertebrate species richness (mean ± stdev) was 8.4 ± 1.9 in the domes, and 7.7 ± 1.9 in the 16 

reference sites. The total abundance of invertebrates varied substantially from 600 ind/m2 to 5700 17 

ind/m2 (average of 1200 ± 1100 in domes and 2300 ± 1000 in references). In domes, the Shannon 18 

diversity index was 1.76 ± 0.22, and in references, 1.66 ± 0.20 respectively. No significant 19 

Chromium Copper Cadmium Zinc Lead Mercury Arsenic Sulphur Sulphur 0-2 cm

Dome Ref GoF Dome Ref GoF Dome Ref GoF Dome Ref GoF Dome Ref GoF Dome Ref GoF Dome Ref GoF Dome Ref Dome Ref

Mean 83,8 83,3 87,0 31,4 36,4 43,0 0,20 0,32 1,23 143 162 209 23,3 30,4 52,0 0,015 0,024 0,182 10,7 16,5 14,0 11440 8882 9348 1507

Standard err 0,88 1,17 3,00 0,24 0,60 2,0 0,01 0,01 0,09 0,66 3,47 13 0,28 0,69 3,0 0,001 0,001 0,012 0,19 0,96 1,0 334 824 1304 90

Median 86,0 88,0 94,0 32,0 37,0 44,0 0,20 0,29 1,28 144 162 205 24,0 30,0 50,0 0,013 0,020 0,176 10,6 14,6 14,0 11900 4790 8765 1470

Standard Dev 6,49 14,3 22,0 1,76 7,34 11,00 0,04 0,15 0,58 4,90 42,6 87,0 2,06 8,49 17,0 0,006 0,012 0,087 1,43 11,7 5,0 2478 10124 4517 380

Minimum 71,0 28,0 57,0 28,0 15,0 25,0 0,15 0,11 0,28 125 66,0 77,0 19,0 16,0 26,0 0,011 0,006 0,048 8,64 4,65 6,00 3770 257 3770 953

Maximum 94,0 99,0 138,0 35,0 85,0 63,0 0,29 0,92 2,19 149 244 513 28,0 49,0 88,0 0,049 0,049 0,392 14,9 118 28 20200 57500 20200 2700

Count 55 151 43 55 151 43 55 149 42 55 151 42 55 151 43 55 151 50 55 151 41 55 151 12 18

Dome = Lumparn Bay domes

Ref = Lumparn Bay reference sites

GoF = Concentrations and reference statistics from the Gulf of Finland (ref. Vallius and Leivuori 1999)
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differences were found in species richness, abundance or diversity between invertebrate 1 

communities of the domes and the reference sites.   2 

The most abundant species/taxa, occurring in all samples was the insect larvae (Chironomidae spp.). 3 

Also the bivalve Macoma balthica (Linnaeus 1758), the polychaete Marenzelleria viridis (Verrill 4 

1873) and the crustaceans Ostracoda and Monoporeia affinis (Lindström 1855) were very common 5 

and occurred in almost all samples. Gastropods, Hydrobidae sp., Bithynia tentaculata (Linnaeus, 6 

1758), Potamopyrgus antipodarium (Gray 1843), the crustacean Corophium volutator (Pallas, 7 

1766) and Oligochaeta spp. were also abundant, but not necessarily during both years. The relative 8 

abundance of species occurring in > 5 samples are presented in table 3.  9 

  10 
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Table 3. Relative abundances (%) of benthic fauna (occurring in > 5 samples) in domes and in 1 

reference sites in 2017 and 2018. The SIMPER columns describe which species contributed the 2 

most to the dissimilarities between domes and references in 2017 and 2018, and to what extent (%).  3 

  
2017 

   
2018 

 
  Dome Reference SIMPER   Dome Reference SIMPER 

MOLLUSCA               

Macoma balthica 29 24 
  

20 13 
 

Mya arenaria 7 2 
  

0 0 
 

Bithynia tentaculata 8 7 8 
 

0 0 
 

Hydrobiidae 5 8 9 
 

1 2 6 

Potamopyrgus 

antipodarium 4 3 7 
 

5 6 10 

ARTHROPODA               

Corophium volutator* 7 0 8 
 

6 0 8 

Monoporeia affinis 5 5 6 
 

8 12 8 

Ostracoda sp.* 15 5 11 
 

9 3 11 

Saduria entomon 1 1 
  

0 0 
 

Chironomidae spp. 11 24 9 
 

28 36 7 

ANNELIDA               

Hediste diversicolor 1 0 
  

1 0 
 

Marenzelleria viridis 5 9 8 
 

16 14 8 

Pygospio elegans 1 0 
  

1 0 
 

Oligochaeta spp.** 1 12 7 
 

5 13 14 

Polychaeta sp.  0 0 
  

1 1 
 

PRIAPULIDA               

Halicryptus spinulosus 0 0     0 1   

*species preferring domes in both years 
     

**species preferring reference sites in both years 
  

 4 
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In the NMDS analysis, the invertebrate community structure between domes and references seemed 1 

visually to differ to some extent both in 2017 and 2018 (Figure 6), but ANOSIM did not show 2 

significant differences between the groups. The dissimilarity between domes and references was 3 

50% in 2017, and 35% in 2018 respectively. The SIMPER analysis revealed that the main 4 

species/taxa contributing to the dissimilarities were generally the commonly occurring ones (Table 5 

3), the exception being Macoma balthica. 6 

Further, according to the SIMPER analysis done for both years separately, two crustacean 7 

species/taxa; Ostracoda and C. volutator preferred the domes, while Oligochaetes were more 8 

abundant in the reference sites.   9 

 10 

Figure 6. Non-metric multi-dimensional scaling (NMDS) of the benthic communities sampled in 2017 (a) and in 2018 11 
(b), describing variation in community structure between samples from the reference sites (triangle) and the domes 12 
(filled circle). 13 

 14 

  15 
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4. Discussion 1 

4.1 The geology of Lumparn 2 

Lumparn is stratigraphically representative of the Baltic Sea. The surface sediments are mainly 3 

recent muds, consisting of muddy clays with high organic content and some bioturbation. Large 4 

areas of the profiles that were acoustically blank, hindered the identification of sediments on the 5 

acoustic profiles. In these sections, neither the HF nor LF profiles gave any information or 6 

indication on how the sediments lay; hence, extrapolation was used to fill in the blanks.  7 

Postglacial sedimentary processes and depositional environments are common in the Baltic Sea 8 

(Winterhalter 1992), and have been described e.g. from the Olkiluoto area (Hutri and Kotilainen, 9 

2007). The large amount of recent muds in Lumparn is likely due to its sheltered environment and, 10 

subsequently, few strong deep currents within the bay. This allows for an undisturbed sedimentation 11 

with little erosion. Being surrounded by landmass, also the influx of eroded materials from land is 12 

high, and increases the sedimentation into Lumparn. 13 

 14 

4.2 The domes 15 

The domes were mostly found in recent sediments and occasionally in the Litorina sediments. This 16 

is likely because recent sediments dominate the seafloor surface and are therefore the most likely 17 

sediments for the domes to be observed in. The occurrence of domes correlated with depth, as there 18 

was a significant drop in observations below 20 m depth (Figure 5).  19 

There are few scientific studies specifically dealing with domes arising from the seafloor. Hovland 20 

and Judd (1988) called them “unspectacular seabed features”, referring to their shallow character, 21 

dismissing them as precursors to pockmarks. To our knowledge, there are no studies reporting as 22 

abundant domes as found in Lumparn.  23 
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In the Baltic Sea, a few similar structures have been observed in shallow sediments. In the Olkiluoto 1 

area in the Gulf of Bothnia, a single structure similar in size and characteristics was observed and 2 

interpreted as a possible gas-seepage site (Kotilainen and Hutri, 2004). In the Gdansk Basin, several 3 

shallow gas structures were observed, one of them being a “gas pocket” in the shallow sediments, 4 

resembling a very shallow dome (Brodecka et al., 2013). Methane gas was found to be common in 5 

the sediments in the Gdansk Basin study area. Neither study in the Baltic Sea has focused explicitly 6 

on these potential gas domes. 7 

There are also some examples of seabed doming from other parts of the world, e.g. from Opouawe 8 

Bank, offshore New Zealand, (Koch et al., 2015). Although many of the domes observed in 9 

Opouawe Bank had some differences to the ones observed in Lumparn, there were also some key 10 

similarities. The domes were much larger, with radius around 150 m and a height ranging from 2-6 11 

m. However, the diameter to height relationship could be comparable to that of Lumparn, as the 12 

steepness of the domes was similar. The Opouawe Bank doming occurred in much deeper waters 13 

than in Lumparn, at 900 - 1100 m depth, making pressure and other conditions quite different.  14 

Observations of over 100 small-scale domes were found also in the Mediterranean at a depth around 15 

150 m near the coast of Sicily (Savini et al., 2008). In the area, the domes were interpreted as mud 16 

volcanoes. The acoustic signatures of the surrounding environment resembled those observed in 17 

Lumparn as they indicated the presence of gas. However, the domes in Sicily were slightly steeper 18 

than in Lumparn and also deep-seated enhanced reflections were associated with them (Savini et al., 19 

2008). Mud volcanoes may be formed through a number of different processes, but none of them 20 

seems to take place in Lumparn. Based on the acoustic profiles, the domes seem to be caused by 21 

bulging of the overlying sediments rather than by accumulation of sediments as in mud volcanoes. 22 

Furthermore, no signs of sediment disturbances, characteristic to mud volcanoes (Hovland, 1981), 23 

were found in the sediments beneath most of the Lumparn domes (with a few exceptions of acoustic 24 

masking).  25 
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Koch et al. (2015) suggest that the domes gradually build up through a slow process where gases 1 

move upwards within the sediments, creating seafloor domes without leading to the formation of 2 

pockmarks. The occurrence and structure of the domes in Lumparn clearly support this hypothesis. 3 

Although the characteristics of the domes in Lumparn resembled the doming of sediments in the 4 

initial stage of pockmark formation (Hovland and Judd, 1988), no actual pockmarks were found in 5 

the Lumparn area. In a laboratory study, trapped “gas-bubbles” in the sediments caused the 6 

overlying sediment to gently dome upwards (Barry et al. 2012). This study focused mainly on the 7 

physical and chemical parameters and requirements for such a structure to occur without collapsing. 8 

Factors, such as sediment cohesion, sheer strength, gas accumulation, gas migration and pressure, 9 

affected the formation and stability of the domes (Barry et al. 2012). These factors most likely 10 

determine the occurrences and properties of domes also in Lumparn.  11 

There were a number of signs indicating gas occurrences in Lumparn. There were large areas of 12 

acoustic turbidity and acoustic blanketing in the sediment in the middle sections of several 13 

surveying profiles, most likely due to gas accumulations inside the sediments. In these areas, the 14 

upper sediment layers were turbid and chaotic on the acoustic profiles, while the deeper areas did 15 

not show anything (as the acoustic signal was lost in the upper sediment layer).  16 

The occurrence of domes and the extensive acoustic blanketing rarely overlapped. Few domes were 17 

observed over the acoustically blank areas, and those that were, tended to be smaller in size 18 

compared to the average. This as perhaps partially due to depth, as the acoustically blank areas were 19 

most commonly found in the deeper areas of Lumparn (approximately >20 m), and the domes in 20 

shallower depths (figure 5).  21 

Masking observed directly underneath some of the domes may have indicated gas chimneys, acting 22 

as migration pathways for the gas, or may have been caused by the gas inside the dome. Enhanced 23 

reflections usually indicate a disturbance in the sediments, such as gas accumulations, that refract 24 

the signal. When observed in the bedrock, enhanced reflections are often used as a sign for potential 25 
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hydrocarbon prospects, but here they were observed within the sediments. In some places, stronger 1 

reflections were associated with the domes, but they also occurred independently. 2 

As the sediments in the Baltic Sea are known to produce shallow biogenic gas (Flodén and 3 

Söderberg, 1988, Pimenov et al., 2012; Ulyanova, et al., 2012; Kotilainen and Hutri, 2004), it is 4 

very likely that the gas observed in Lumparn is of biogenic origin. Areas of extensive acoustic 5 

turbidity are often associated with biogenic gas (Flodén et al., 1988). Furthermore, the bedrock 6 

geology in Lumparn does not suggest the presence of thermogenic gas, nor are there any acoustic 7 

signs of deep gas migration through the sediments or bedrock. Also high concentrations of sulphur 8 

observed in the surface sediments cores, indicate hydrogen sulphide production, and hence biogenic 9 

gas within the surface sediments. Since the production of hydrogen sulphide occurs before the 10 

production of methane gas (Ingri, 2012), the presence of hydrogen sulphide also indicates the 11 

presence of methane gas (Hovland, 1981). However, since only the content of elemental sulphur 12 

was measured, the species of sulphur is not clear.  13 

Concentrations of studied elements typically varied more in the reference cores than in the dome 14 

cores, and generally, the concentrations were on a higher level in the reference sites. The reason for 15 

this is not known but it seems plausible that turbation of the sediment in the gas domes caused by 16 

the escaping gas has flattened the concentration curves in the domes. This does not explain the 17 

difference in mean and median concentrations between the reference cores and the dome cores, but 18 

on the other hand the amount of analysed cores is so low that the difference can be considered 19 

statistically insignificant. What matters is that sediment heavy metal concentrations in general are 20 

on clearly lower levels in the Lumparn Bay than in the Gulf of Finland.  21 

 22 

4.3 Biology of the domes 23 
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The benthic invertebrate fauna in the Lumparn area was dominated by M. balthica, M. affinis, and 1 

M. viridis, species typically dominating in silty sediments of the northern Baltic Sea (Gogina et al., 2 

2016). In addition, the insect larvae of the genus Chironomidae spp. were very abundant in 3 

Lumparn, which reflects the moderate water quality in the area (Saarinen 2015). The benthic 4 

invertebrate species richness, diversity and abundance were quite similar in domes and in reference 5 

sites and no significant differences could be found. However, the benthic community structure 6 

between domes and references sites grouped separately in the NMDS, indicating that the domes 7 

have some sort of impact on the invertebrate community. Two crustacean species/taxa were 8 

generally much more common in domes, (C. volutator and Ostracoda), while annelid worms 9 

(Oligochaetes) preferred the reference sites. The reason for this is unclear, but it seems that the 10 

crustaceans are rather favored by the high sulphur content in the domes, while oligochaetes may 11 

suffer from it. In degrading algal material in the Baltic Sea, high concentrations of sulphur generally 12 

accumulates, while many other elements leach out (Lill et al. 2012). However, these sulphur rich 13 

environments have shown to be utilized by many marine invertebrates, including also oligochaetes 14 

(Salovius and Kraufvelin 2004). None of the bottom samples were anoxic, although hypoxia and 15 

anoxia occurs regularly at the sediment water interference in Lumparn (Eveleens Maarse 2017). 16 

 17 

5. Conclusions 18 

The domes in Lumparn seem to be gas-related structures that do not progress into the pockmark 19 

formation stage. While pockmarks form as the gas moves through the sediment violently, the domes 20 

in Lumparn either have no seepage through the sediment floor or the seepage is subtle and slow 21 

enough not to disturb the surrounding sediments. As no pockmarks were observed in Lumparn 22 

despite the high number of domes, it is unlikely that the domes will evolve into pockmarks. The 23 

study also revealed that the domes in Lumparn do not fulfill the criteria of “Structures made by 24 

leaking gases” defined in the Habitats Directive of the European Commission, as there were no 25 
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related carbonate structures. No specialized or new macrobenthic species were found in the domes, 1 

but slight (but not significant) differences in benthic communities were found between the domes 2 

and the reference sites. The observed difference between chemistry in the domes versus the 3 

reference sites might be insignificant due to the low amount of analysed cores. On the other hand 4 

the geochemistry data reveals quite satisfactorily that the Lumparn Bay sediments can be 5 

considered to have rather low heavy metal concentrations in general.  6 

 7 
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