
Complex Eyed Pockmarks and Submarine Groundwater
Discharge Revealed by Acoustic Data and Sediment
Cores in Eckernförde Bay, SW Baltic Sea
J. J. L. Hoffmann1 , J. Schneider von Deimling2 , J. F. Schröder2 , M. Schmidt3 ,
P. Held2 , G. J. Crutchley3 , J. Scholten2, and A. R. Gorman1

1Department of Geology, University of Otago, Dunedin, New Zealand, 2Institute of Geosciences, University of Kiel, Kiel,
Germany, 3GEOMAR Helmholtz Centre for Ocean Research Kiel, Kiel, Germany

Abstract Submarine groundwater discharge into coastal areas is a common global phenomenon and is
rapidly gaining scientific interest due to its influence on marine ecology, the coastal sedimentary
environment, and its potential as a future freshwater resource. We conducted an integrated study of
hydroacoustic surveys combined with geochemical pore water and water column investigations at a
well‐known groundwater seep site in Eckernförde Bay (Germany). We aim to better constrain the effects of
shallow gas and submarine groundwater discharge on high‐frequency multibeam backscatter data and to
present acoustic indications for submarine groundwater discharge. Our high‐quality hydroacoustic data
reveal hitherto unknown internal structures within the pockmarks in Eckernförde Bay. Using precisely
positioned sediment core samples, our hydroacoustic‐geochemical approach can differentiate
intrapockmark regimes that were formerly assigned to pockmarks of a different nature.We demonstrate that
high‐frequency multibeam data, in particular the backscatter signals, can be used to detect shallow free
gas in areas of enhanced groundwater advection in muddy sediments. Intriguingly, our data reveal relatively
small (typically <15 m across) pockmarks within the much larger, previously mapped pockmarks. The
small pockmarks, which we refer to as “intrapockmarks,” have formed due to the localized ascent of gas and
groundwater; they manifest themselves as a new type of “eyed” pockmarks, revealed by their acoustic
backscatter pattern. Our data suggest that, in organic‐rich muddy sediments, morphological lows
combined with a strong multibeam backscatter signal can be indicative of free shallow gas and subsequent
advective groundwater flow.

Plain Language Summary Groundwater that seeps out of the ocean floor is a common global
phenomenon. Marine ecosystems are highly dependent on nutrient supply from land, and recent studies
have suggested that groundwater seeping out of the seafloor supplies even more nutrients to the world's
oceans than rivers do. Also, nearshore freshwater springs have been used as a source of drinking water for
decades and large offshore groundwater reserves in continental shelves can potentially prevent future
freshwater shortages. We use echo sounding methods to search for indications for submarine groundwater.
The methods enable us to carry out detailed investigations of intriguing seafloor depressions (i.e.,
“pockmarks”). Our accurate measurements give new insights into the morphology and characterization of
the Eckernförde Bay pockmarks and reveal a new type of pockmark that is related to seeping groundwater.
In the muddy sediment of Eckernförde Bay, methane gas forms in the sediments due to microbial
decomposition of biomass. In areas of enhanced groundwater advection, this methane gas is brought closer
to the seafloor, where pockmarks form and where we can detect the gas with our sonar system. Given
the abundant global distribution of muddy gaseous sediments, our findings have important implications for
the future detection of offshore groundwater systems.

1. Introduction

Escalating water demand in coastal areas and the nature and dynamics of interconnected onshore and off-
shore aquifers have significantly increased scientific interest in submarine groundwater discharge (SGD)
over recent decades. SGD often carries large amounts of nutrients into the sea with diverse implications
for the coastal ecosystems and environments (Lecher et al., 2016; Moore, 2010). Cho et al. (2018)
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estimated that the global nutrient flux into the oceans through SGD even exceeds riverine inputs. Future cli-
mate change and, in particular, an expected increased frequency of global droughts (IPCC, 2014; Seager
et al., 2007) have provided traction to research into offshore groundwater reserves as a possible source of
potable and agricultural water (Berndt & Micallef, 2019). Therefore, cost‐ and time‐effective detection and
characterization of submarine groundwater systems, the dynamics of their discharge, and their temporal
and spatial variation are crucial for a potential exploitation in the future.

Numerous methods have been used to detect and quantify SGD (Burnett et al., 2006) including optical sys-
tems (Karpen et al., 2004); geochemical water column investigations of tracers like the natural radionuclides
radium and radon (Burnett & Dulaiova, 2003; Moore, 1996; Moore et al., 2008; Scholten et al., 2013), dis-
solved silicon (Oehler et al., 2019), methane, and chloride (Dulaiova et al., 2010; Schlüter et al., 2004); remote
sensing (Shaban et al., 2005; Tamborski et al., 2015; Wilson & Rocha, 2012); and direct investigations using
cores and different types of seepage meters (Bugna et al., 1996; Burnett & Dulaiova, 2003; Cable et al., 1997;
Sauter et al., 2001). Only a few geophysical methods, like geoelectric (Stieglitz, 2005; Viso et al., 2010), con-
trolled source electromagnetic (Gustafson et al., 2019; Müller et al., 2011), or autonomous underwater vehi-
cle investigations (Sauter et al., 2003) have been used to explore SGD. Other hydroacoustic studies often
postulate SGD solely based on geomorphological characteristics but without any geochemical verification
(e.g., Goff, 2019; Hillman et al., 2015; Jakobsson et al., 2020).

Submarine hydrocarbon seeps likewise attract much interest because of the specific microenvironments
they create at the seafloor (Berndt, 2005; Judd & Hovland, 2009) and their influence on slope stability
(Chapron et al., 2004; Riboulot et al., 2019), representing a risk to infrastructure (Cayocca et al., 2001;
Mulder & Chochonat, 1996). Since they often emit methane, a potent greenhouse gas, they can contribute
to climate change and exacerbate symptoms of global warming like ocean acidification and oxygen depletion
in the oceans (Biastoch et al., 2011; Borges et al., 2016; Leifer et al., 2006; Lohrberg et al., 2020;
Solomon et al., 2009).

In Eckernförde Bay, sulfate reduction is the dominant process for organic carbon degradation in the upper
~30 cm below the seafloor before the sulfate is depleted (Maltby et al., 2018). Below the sulfate‐methane
transition zone (SMTZ), methanogenesis leads to methane oversaturation and gas formation in the
organic‐richmud, resulting in widespread acoustic turbidity zones (Figure 1). Several pockmarks form along
the coastlines as well as in the central part of Eckernförde around Mittelgrund as a result of gas and submar-
ine groundwater seepage (Bussmann& Suess, 1998; Jensen et al., 2002; Kaleris et al., 2002;Müller et al., 2011;
Patiris et al., 2018; Schlüter et al., 2004; Whiticar, 2002). We define a pockmark according to Judd and
Hovland (2009) as a seafloor depression of erosive nature with an eroding agent that comes from beneath
the seabed. In Eckernförde Bay questions remain regarding the fluid contributions to pockmark formation
as well as the different pockmark classifications given by different authors (Albert et al., 1998;
Whiticar, 2002). Although numerous research cruises and international research projects (e.g., Coastal
Benthic Boundary Layer [CBBL] and Submarine Groundwater Fluxes and Transport Processes from
Methane‐Rich Coastal Sedimentary Environment [Sub‐GATE]) have investigated the geological, geomecha-
nical, geochemical, and geophysical background of the pockmarks and their host sediments, the internal
pockmark geomorphology is still poorly constrained. Sidescan and multibeam data published by Sauter
et al. (2003) and Schlüter et al. (2004) show the delineation and depth of the pockmarks but are unable to
reveal their internal structure and morphology.

In this paper, we investigate the geomorphological expressions of SGD and gas escape as well as the subbot-
tom characteristics within the pockmarks in Eckernförde Bay. We conducted hydroacoustic surveys using
multifrequency single beam, multibeam, and subbottom profiler data in 2014, 2017, 2018, and 2019 and
ground truth observations from these data with pore water geochemistry from 13 sediment cores as well
as conductivity, temperature, and depth (CTD) casts and transects of the water column. This
high‐frequency (up to 400 kHz) study, on the one hand, provides very high resolution bathymetry enabling
us to acquire targeted and accurately positioned sediment cores for pore water analysis and ground truthing.
On the other hand, the high frequency has limited but significant seafloor penetration and therefore pro-
vides subsurface information. We investigate a new type of pockmark associated with SGD in gaseous
mud. Hovland et al. (2002) described complex unit and eyed pockmarks, but a combination of them has
not been reported previously. Our aim is to improve the characterization of pockmarks forming by SGD
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and gas and to determine possible acoustic indications for groundwater discharge in regions of organic‐rich
gaseous mud.

2. Geological Setting

The 17 km long and 3 km wide Eckernförde Bay is located in the western Baltic Sea and was mainly shaped
during the end of the Weichselian glaciation about 13,000 yr BP. The mouth of Eckernförde Bay is divided
into a deeper northern entrance and a shallower southern channel by a morainal sill called Mittelgrund
(Figure 1). Sediment grain size distribution in Eckernförde Bay gradually decreases with increasing water
depth (Seibold et al., 1971; Werner et al., 1987). The sediments are mainly derived from the retreating till
cliffs surrounding the bay with a minor amount contributed by the abrasion of Mittelgrund (Healy &
Wefer, 1980; Healy & Werner, 1987).

Mean sedimentation rates in the central basin of 4.2 and 3.9 mm/yr were reported by Balzer et al. (1987) and
Nittrouer et al. (1998), respectively; however, Milkert and Werner (1997) and Balzer et al. (1987) show that
strong temporal fluctuations occur with sedimentation rates of up to 10 mm/yr. In the inner part of
Eckernförde Bay, high Corg accumulation rates originate mainly from marine plankton and macroalgal
sources (Balzer, 1984; Koegler, 1967). The high organic matter content (between 4% and 5%) of surface sedi-
ments together with seasonally hypoxic bottom water leads to strong anoxic conditions, a rapid decrease of
sulfate, and the onset of methanogenesis in the sediment within a few centimeters below the seafloor
(Maltby et al., 2018; Steinle et al., 2017; Treude et al., 2005; Whiticar, 2002). Sediments below 20–22 m water
depths consist mainly of Holocene mud deposited after the Littorina transgression (<8,000 yr BP;
Rößler, 2006) with gaseous (i.e.,methane) sediments ofmicrobial origin below~0.5–3m (Martens et al., 1999;
Schüler, 1952; Wever et al., 1998, 2006; Whiticar & Werner, 1981). This interstitial gas results in the charac-
teristic acoustic turbidity zone (first described as the “Becken Effect” by Hinz et al. (1971)) commonly found
in many shallow seas and lakes.

Although the bay is only minimally affected by tides, strong surface currents and sea level changes can occur
due to wind forcing, storm surges, and the effect of seiches (Dietrich, 1951; Khandriche et al., 1987; Orsi
et al., 1996). Bottom currents of up to 55 cm/s, 4 m above the seafloor, have been reported to follow storm
surges (Geyer, 1964). The water column in Eckernförde Bay is generally well stratified with pycnoclines

Figure 1. Overview bathymetric map of Eckernförde Bay with geological surface sediments overlaid, as described
by Jensen et al. (2002). High‐resolution bathymetry from Cruise AL447 (2014) overlays the regional bathymetry
kindly provided by the Federal Marine Hydrographic agency. The sediment background core FL19 is indicated by the
blue dot.
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forming due to strong variations of salinity and temperature, caused by the inflow of salty North Sea waters
underneath the fresher and warmer surface water (Bange et al., 2011). This stratification becomes less pro-
nounced over winter when cold surface waters and storms mix the entire water column (Smetacek, 1985;
Smetacek et al., 1987).

Several aquifers have been attributed to supply groundwater into the bay. Bussmann and Suess (1998) and
Wever et al. (1998) attributed the origin of this groundwater to the major Miocene lignite sand aquifer which
reaches a thickness of 100–130 m on the southern side of the bay in ~100 m depth and is hydraulically con-
nected to shallower aquifers (Marczinek & Piotrowski, 2002). These shallower 10–15 m thick Pleistocene
sand aquifers occur between two till units (Jensen et al., 2002). In the coastal area south of the bay, another
few meters thick late Pleistocene to Holocene sand aquifer is sealed by late glacial clays, glaciolacustrine
silts, and till. Jensen et al. (2002) andWhiticar (2002) concluded that SGD into the Eckernförde Bay is related
to marginal areas where the late glacial seal is thinned and the Holocene mud coverage is weak enough to be
penetrated by artesian groundwater.

3. Data
3.1. Multibeam Echo Sounder

The multibeam echo sounder (MBES) data used in this study were repeat surveys of the pockmarks
carried out over a 4.5 yr period. The data were acquired on R/V Alkor and R/V Littorina during three surveys
in October–November 2014 (cruise AL447), August 2017 (cruise AL501), and May 2019 (cruise L1905).
Three different MBES systems were used during variable weather conditions resulting in grids with
different resolutions.

For cruise AL447 in 2014, an EM2040c system was installed on R/V Alkor with a 200–400 kHz transducer
combined with a CodaOctupus F180 motion sensor. During the 2017 AL501 cruise, a Norbit Wideband
Multibeam System (iWBMS) with integrated motion sensor was operated at 400 kHz. For cruise L1905
in 2019 we used a 180 kHz Seabeam 1000 system. More specific information on the MBES data
acquisition can be found in the corresponding cruise reports (Krastel et al., 2017; Schneider von
Deimling, 2014, 2019). The data were assessed, calibrated, and cleaned using software packages including
MBSystems, QPS Qimera/Fledermaus, and Hypack/Hysweep. We acquired sound velocity profiles in
regular intervals which were assigned to the data during postprocessing with respect to their time of
acquisition. Tidal corrections were applied using the tidal gauge in Eckernförde with reference to
NHN, DHHN92.

The final processed data have horizontal resolutions of up to 0.5 m and decimeter‐scale vertical resolutions
enabling the imaging of 3–15 cm deep trawl marks. The backscatter amplitude data were corrected for the
variation with grazing angle. We ensured the highest possible resolution by using the raw backscatter time
series data for each footprint (snippets) where available and compensated for the angle of incidence using
reference grids.

3.2. Subbottom Profiler

Subbottom profiler data were acquired with the R/V Alkor and R/V Elisabeth Mann Borgese in late October
2014 (cruise AL447), the beginning of July 2018 (cruise EMB187), and August 2018 (cruise AL514). We used
the parametric Innomar SES‐2000 medium system creating secondary peak frequencies between 4 and
15 kHz. For cruises AL447, AL514, and EMB187, we used 4, 4, and 6 kHz, respectively. The data were con-
verted into SEG‐Y format and further processed and interpreted using the IHS Markit Kingdom
software packages.

3.3. Sediment Cores

During the L1905 cruise in May 2019, we used a Frahm‐Lot (100 cm core liner, diameter of 10 cm; MBT
GmbH‐MacArtney Germany) to collect a total of 13 sediment cores with sediment recovery between 20
and 60 cm.

For pore water sampling, the plastic liner was predrilled along the side with diameters of 2.5 and 8 mm,
respectively, then drill holes were closed with adhesive stripes, to insert syringes or Rhizones directly after
core recovery. After retrieval of sediment cores on deck, 3 ml of sediment was subsampled by inserting
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plastic syringes in a 2–4 cm interval into the predrilled holes. The sampled sediment from each syringe was
pushed into a 20 ml headspace vial containing 9 ml of saturated NaCl solution (Sommer et al., 2009).
Headspace vials were crimped with rubber stopper and aluminum cap and stored for gas
chromatographic analysis at GEOMAR. Headspace gas (100 μl) was injected into a Shimadzu gas
chromatograph (GC‐2014, flame ionization detector, carrier gas: He 5.0; HayeSepTM Q 80/100 column,
column length: 2 m; column diameter: 1/8 in.). The detection limit for CH4 was 0.1 ppmV. Precision was
about 4% (2σ).

Pore water was sampled on board in 1–4 cm intervals by Rhizon extraction (Rhizosphere Research Products;
e.g., Seeberg‐Elverfeldt et al., 2005) for subsequent sulfate and chloride ion concentration determinations
onshore. The ion concentrations were analyzed at GEOMAR by using ion chromatography (Metrohm
IC761; conductivity detector, eluent: Na2CO3/NaHCO3, column: Metrosep A Supp 5 100/4.0) with a preci-
sion of about 2% (2σ) determined with International Association for the Physical Sciences of the Oceans
(IAPSO) seawater standard. Porosity of sediment was determined from about 10–15 g of wet sediment sam-
ples, weighted before and after freeze drying.

Methane solubility calculations have been performed for bottom water conditions (water depth = 26 m,
temperature = 15 °C, and salinity = 20 (~312 mmol/L chloride)) according to Yamamoto et al. (1976).

Figure 2. Bathymetric overview of the eastern Mittelgrund pockmark (data from cruise AL447 in October 2014).
(a) Bathymetric map highlighting the large‐scale eastern Mittelgrund pockmark (colored region) and its internal
intrapockmark and background pockmark regime. Example mounds are also labeled, and the red line shows the
towed CTD tracks. (b) Corrected (300 kHz) backscatter image showing the high‐amplitude responses of the
intrapockmarks. Colored dots show core locations, and the black lines delineate the classification regime shown in
(c). (c) Slope map overlaid with pockmark classification (semitransparent colors) as described in the text. Dashed
lines show the location of the subbottom profiler data displayed in Figures 4 and 5, and colored dots show core
locations.
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Tomaximize the accuracy of positioning of the vessel and the cores, we used a Stonex S9i GNSS receiver with
Real Time Kinematic corrections received from the ascos (AXIO‐NET GmbH) satellite reference service
resulting in centimeter‐scale accuracy at the receiver. Positioning of onboard coring equipment and cable
deployment resulted in meter‐scale accuracy for the core position (indicated by 5 m diameter circles in
Figures 2 and 3).

3.4. EK60

During cruise AL447 (October 2014) and AL514 (August 2018), the fix mounted Kongsberg EK60 fishery
echosounder was operated at multiple frequencies at 38, 70, 120, and 200 kHz for gas bubble detection
and to identify potential anomalies associated with SGD. The four frequencies were calibrated with copper
spheres in the beginning of the cruise. Pulse length and power were constant throughout the cruise.

3.5. CTD

During R/V Littorina Cruise L1905, we acquired three CTD water column profiles with two towed transects
using a Sea and Sun CTD. For the transects the CTD was towed ~1 m above the seafloor.

4. Results
4.1. Bathymetry

The high‐resolution bathymetry data south of Mittelgrund show the internal morphology of the targeted
pockmarks in a water depth of ~25 m (Figures 2 and 3). The pockmarks show a mean elevation difference

Figure 3. (a) A 300 kHz backscatter image of the western Mittelgrund pockmark showing the patchy strong backscatter
strength of the intrapockmarks (Cruise AL447, October 2014). Inset graph shows the clear inverse correlation
between relative backscatter strength (dB) and seafloor elevation (m). (b) Bathymetry of the pockmark with strong
backscatter values (< −30 dB) overlain in white. Inset shows the 180 kHz backscatter image of cruise L1905, May 2019.
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of ~1.8m compared to the surrounding area. They are elongated features and align aroundMittelgrund, with
widths of up to 200 m and lengths of over 1 km. The seafloor morphology within the pockmarks is highly
variable. In some areas, we observe a smooth and relatively flat seafloor, while other regions show a highly
uneven surface with anomalous mounds and depressions. These depressions within the pockmarks—which
we hereafter refer to as “intrapockmarks”—mainly occur on the side furthest from Mittelgrund. The
smoother areas—which we hereafter refer to as “background pockmark”—mainly occur on the side closest
to Mittelgrund, although patches of smoother pockmark seafloor are also observed beyond the intrapock-
marks further from Mittelgrund.

We divide the pockmark area southwest of Mittelgrund into three different regimes based on bathymetric
morphology and their acoustic character. In Figure 2c we distinguish between (1) background (blue),
(2) background pockmark (black), and (3) intrapockmark (red). The background regime describes the area
outside the pockmarks (i.e., beyond both background pockmark and intrapockmark) which is morphologi-
cally characterized by a smooth surface with several 3–15 cm deep trawl marks, especially to the southeast
and west of the pockmark area. Within the pockmarks, the background pockmark regime makes up most of
the eastern Mittelgrund pockmark area (~70%; see Figure 2) and shows a remarkably even surface. The
intrapockmark regime on the contrary shows a highly uneven surface, with depressions (intrapockmarks)
of various sizes and shapes, from circular to very complex forms. They show diameters between a couple
of meters and ~30 m with a vertical relief that ranges from decimeter scales up to 1 m. The intrapockmark
regime shows a high pockmark density with depressions occurring close to each other without much space
between them. The different regimes are in some places divided and in other places intersected and
interrupted by several circular to elliptical anomalous mounded structures with heights of up to 50 cm.
The various data resolutions and data qualities of the multibeam surveys permitted a comparison of the
bathymetry over the 4.5‐yr time period. Our visual inspection and differencing of the grids revealed no
significant bathymetric changes over the course of the sampling period.

4.2. Backscatter

By thorough inspection of the geolocated multibeam snippet backscattering strength, we found a good cor-
relation to the morphological data (Figures 2 and 3). Outside the pockmarks, in the background regime, we
generally find low backscattering strength (averaging−36 dB) with slightly enhanced amplitudes (~−30 dB)
within the trawl marks in the southeast and west (Figure 2b). North and northeast of the pockmarks are
areas of very strong backscatter that correspond to the Mittelgrund late glacial sands.

Within the pockmarks, the background pockmark area does not show any elevated backscatter signals
(< −30 dB) and is characterized by a rather consistent and homogeneous response (Figure 2b). The intra-
pockmark areas on the other hand exhibit highly variable acoustic responses that vary from very strong
(< −20 dB) to very low (> −40 dB) signal strength (Figure 2b). This relationship can also clearly be seen
in backscatter data from the western Mittelgrund pockmark (Figure 3a). The strong backscatter values
appear in patches and correlate with the bathymetric lows of the individual intrapockmarks (Figure 3a).
Nearly all individual intrapockmarks show increased backscatter strength, with the strongest responses
(< −30 dB) shown in white in Figure 3b. Backscatter values similar in strength to those of the late glacial
sands of Mittelgrund (~ −20 dB) are observed in several of the intrapockmarks.

Although the data quality from the three surveys varies due to different equipment and weather conditions,
the patchy backscatter pattern of the intrapockmarks remains obvious across all data sets.

4.3. Subbottom Profiling

The subbottom profiler data show the characteristic shallow gas front of Eckernförde Bay with the acoustic
turbidity zone below (Figure 4) as observed by Hinz et al. (1971). The depth beneath the seafloor of the free
gas front varies significantly over time. During the early July 2018 measurement campaign, the average
depth of free gas in the background regime was ~70 cm, while in October 2014 gas occurrences at a depth
of ~40 cm were observed, in accordance with reports by Wever et al. (1998). In July 2018 (Figure 4a), the
acoustic manifestations of shallow gas accumulations in the background regime appear as condensed
regions of high reflectivity with sharply delineated tops. In October 2014 (Figure 4b), by contrast, where
the gas accumulations occur closer to the seafloor, they have a less condensed and more distributed acoustic
manifestation. In the intrapockmark regime, we observe similar changes over time, although they do not

10.1029/2019GC008825Geochemistry, Geophysics, Geosystems

HOFFMANN ET AL. 7 of 18



seem to be as pronounced as the temporal changes observed outside of the pockmarks (in the background
regime). High‐amplitude reflections occur in the uppermost 50 cm throughout the data sets in the
intrapockmark regime.

Outside of the pockmarks, in the background area, the free gas manifestation shows strong horizontally
continuous amplitudes with occasional regions where the gas front is absent or occurs at greater depths
(Figure 4), previously described by Albert et al. (1998) as acoustic windows. Within the pockmarks, free
gas appears closer to the seafloor but the gas front is less continuous and the reflected acoustic energy is more

Figure 5. (top) North‐south profile through the pockmarks covering Mittelgrund in the north and the inner bay in the
south. Location of the profile is given in Figures 1 and 2. (bottom) The energy extracted from the upper 50 cm
beneath the seafloor is displayed in red and the along‐track multibeam backscatter in black. Sediment core locations
along the profile are marked by labeled dots. Semitransparent colors in the dots and behind the energy plots are
representative of different seafloor classifications as defined in Figure 2c.

Figure 4. Innomar subbottom profiler data across the Mittelgrund pockmarks, with the energy extracted from the upper
50 cm beneath the seafloor in red and the along‐track multibeam backscatter in black (in the accompanying plots).
(a) Profile acquired during July 2018. (b) Profile acquired during October 2014 (locations in Figures 1–3). Sediment core
locations along the profile are marked by labeled dots. Semitransparent colors in the dots and behind the energy
plots are representative of different seafloor classifications as defined in Figure 2c.
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distributed over a wider depth interval (Figures 4 and 5). Several patches, indicating free gas, occur close to
the seafloor.

We extracted the reflected acoustic energy within a 50 cm window below the seafloor by computing the
envelope of each trace and subsequently summing the envelope within that window (Figures 4 and 5).
The sum of energy shows strongly elevated energy levels at shallow subseafloor depths within the intrapock-
mark regime compared to the background pockmark and background regimes.

The background pockmark area, delineated in gray in Figure 5, shows a very weak seafloor reflection and no
internal reflections above a layered high‐amplitude southward dipping unit. This unit extends from the
surface of Mittelgrund in the north beneath the pockmarks and is commonly referred to as the late glacial
sands (Jensen et al., 2002). High energies in the 50 cm below the seafloor are observed in the north of the
profile shown in Figure 5 aroundMittelgrund, where the late glacial sands crop out at the seafloor and create
a rough and hummocky morphology. This late glacial sand unit is only visible in the northern part of the
pockmark area (in the background pockmark regime). Distal from Mittelgrund, in the intrapockmark
regime, free gas occurs close to the seafloor, limiting the acoustic penetration. The transparent unit above
the late glacial sands in the background pockmark region shows no signs of free gas and low to moderate
reflection energy in the subbottom profiler as well as in the backscatter data.

4.4. Sediment Cores

We obtained sediment cores, 20–60 cm in length, from all three acoustically distinguishable regimes
(Figures 2, 3, and 6). All sediment cores consisted of a dark gray to black muddy lithology with a variable
centimeter‐scale brown fluffy layer on top. The water content of the mud throughout the cores was extre-
mely high, with porosities averaging 93% in the upper centimeters as previously reported by Silva and
Brandes (1998). More than 50% of the attempts to recover a sediment core on deck failed due to discharge
of the soft, unconsolidated, weak, and water‐saturated mud, resulting in loss of the core before sampling
could take place.

Pore water geochemistry profiles, that is, methane, chloride, and sulfate concentration versus depth from
these cores, are shown in Figure 6 and Table S1. No distinct differences in porosity or other sediment prop-
erties were observed in the cores. The background core (FL19, Figures 1, 5, and 6) shows no enhanced
methane concentrations in the uppermost 30 cm and an increase of methane to ~2 mM below 50 cm.
Sulfate in the core decreases between sediment surface and 30 cm depth (SMTZ) from about 16 mM down
to below ~2 mM, while the chloride concentration in the pore water is more or less constant with depth at
about 290–320 mM.

The cores collected in the background pockmark area show a higher SMTZ located at about 10 cm below
sediment surface; however, maximum methane concentrations below this depth are about 1 mM, which

Figure 6. Pore water methane, chloride, and sulfate concentrations in all sediment cores collected, color coded
by regime.
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is well below the methane solubility at this depth (i.e., 5.18–5.27 mM;
Figure 6). No free gas voids were observed in the background and
background pockmark sediment after core recovery on deck. Core
FL17 in the background pockmark regime shows one of the strongest
gradients in sulfate decrease, while core FL44 displays one of the low-
est. Chlorinity profiles vary in the background pockmark area. While
the northernmost core FL17 shows a strong decrease with depth to
~5 mM of chloride, the southernmost core FL44 shows chloride
variability similar to the background core FL19.

With core FL24, we targeted one of the mound structures where only
minor pore water freshening with depth is observed. The sulfate and
methane concentration profiles of FL24 are comparable to back-
ground core FL19 (Figure 6).

In the intrapockmark regime, all cores show a strong groundwater
influence from below. Pore water chloride concentrations of less
than 100 mM (~30% of the bottom water concentration) were mea-
sured at about 10 cm (Figure 6). These low chloride values are
accompanied by high methane concentrations of up to 2 mM at
10 cm and strong methane concentration gradients with depth.
The SMTZ occurs between ~5 and 15 cm in the intrapockmark
regime, and methane concentrations of up to 5.42 mM were mea-
sured in core FL18 at about 30 cm (Figure 6). As bubble formation
even under in situ pressure conditions is anticipated based on the
measured methane concentration, the scattered methane concen-
tration measured below 30 cm is probably related to strong degas-

sing effects on deck. Indeed, several cores from this region showed evidence of free gas bubbles
beneath ~10 cm, when they came to the surface (Figure 7). This includes core FL42, which for an
unknown reason does not show enhanced dissolved CH4 pore water concentrations higher than
0.3 mM. We attribute this lack of methane to degassing during core acquisition and unfortunately too
long storage time on deck until sampling (Abegg & Anderson, 1997; Wever et al., 1998).

4.5. CTD

We conducted three CTD casts with two towed transects in different regions of Eckernförde Bay. The
location of the towed CTD transect is shown in Figure 1a. All of the casts and transects show low saline
surface water of S ~ 14 (~218 mmol/L chloride) with an increasing salinity to ~20 (~312 mmol/L chloride)
in the bottom water, as characteristic for the Baltic Sea (Bange et al., 2011; Lennartz et al., 2014).
Although we managed to tow the CTD as close as ~1 m above the seafloor, none of the CTD casts or
transects showed any groundwater influence on the water column, neither within nor outside of
the pockmarks.

5. Discussion
5.1. Characterization of Eckernförde Bay Pockmarks

Albert et al. (1998) have noted that pockmarks closer to the coast of Eckernförde Bay appear to be a dif-
ferent type altogether than those around Mittelgrund. This was based on the observation of low methane
and low chloride concentrations, as measured by Whiticar and Werner (1981) and later by Whiticar (2002)
in the Mittelgrund pockmarks, compared to high methane concentrations in pockmarks closer to
the coast.

Our high‐frequency multibeam approach enabled us to collect targeted sediment cores with a meter‐scale
accuracy. These new data suggest a classification of the pockmarks into different regimes rather than
separating the coastal and Mittelgrund pockmarks into different types based on different eroding agents
from below. Depending on core location, even within the same pockmark, methane and chloride concen-
trations can vary significantly (Figure 6). While the background regime shows no influence of

Figure 7. Voids in the sediment cores containing free gas immediately after
core recovery (core FL18).
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groundwater, a comparatively deep SMTZ, and only a moderate positive methane gradient below the
SMTZ, the cores from within the pockmarks are variable. In the northern background pockmark regime
low methane concentrations correlate with a thin organic‐rich Littorina mud cover above the late glacial
sands (Figure 5). The subbottom profiler data show no signs of free gas or internal reflections in this
area. We observe a moderate methane concentration gradient below the SMTZ with maximum methane
concentrations well below the solubility of methane in pore water (core FL17, Figure 6). The even
seafloor of the background pockmark area therefore corresponds to high groundwater influence with
low methane concentrations. The background pockmark sulfate profile of core 44 shows anomalously
high concentrations of sulfate compared to the other cores, down to 12 cm. The high sulfate is
accompanied by moderate methane concentrations and high chloride concentrations indicating limited
groundwater influence. The sigmoidal shape of the sulfate concentration profile below 12 cm indicates
a nonsteady state of anaerobic microbial methane oxidation related to sulfate reduction during the
respective season (Schulz, 2006). Although the porosity of this core is not anomalous compared to other
cores, a high permeability and effective exchange of pore water with bottom water at the top of the core
could be the cause. The background pockmark regime therefore varies in sulfate and chloride according
to the location of the core, the thickness of the Littorina mud cover, and the influence of ascending
groundwater.

In the intrapockmark regime, the mud reaches thicknesses of more than 1m above the late glacial sands and
the SMTZ is shifted to shallower depths compared to the background pockmark. Free gas occurs very close to
the seafloor as seen in the subbottom profiler data as well as in the sediment cores, and the elevated methane
concentrations are reaching oversaturation at depth (e.g., FL27, Figure 6). Although Jensen et al. (2002)
reported that the late glacial sands extend over the entire Eckernförde basin, we cannot resolve this
southward dipping unit outside the background pockmark area due to the acoustic turbidity where free
gas is present. All the cores in this morphologically rough intrapockmark region show a strong groundwater
influence with high methane concentrations and a shallow SMTZ.

5.2. Formation and Modification Processes of the Intrapockmarks

The formation of the Eckernförde pockmarks has been debated for decades. Bottom currents
(Werner, 1978), military activities (Edgerton et al., 1966), gas seepage (Fabian & Roese, 1962), and
groundwater seepage (Khandriche & Werner, 1995; Whiticar & Werner, 1981) have all been proposed
as formation mechanisms since their discovery by Edgerton et al. (1966). It is now widely accepted that
episodic artesian groundwater springs, in combination with bottom currents, erode the pockmarks
(Bussmann & Suess, 1998; Jensen et al., 2002; Kaleris et al., 2002; Müller et al., 2011; Patiris et al., 2018;
Schlüter et al., 2004; Whiticar, 2002). The newly observed (this study) eyed intrapockmarks in
Eckernförde Bay seem to host both high methane and low chloride concentrations. Albert et al. (1998)
proposed that the Eckernförde pockmarks act as morphological sinks for organic material and therefore
could enhance methanogenesis close to the sediment‐water interface. Khandriche and Werner (1995) sug-
gested that the erosion of the pockmarks, once initiated, leads to a positive feedback mechanism since
deeper sediment layers with a higher gas content are exposed to water currents. Since the depth of the
gas front varies within the sediments by tens of centimeters (magnitudes higher than accumulation or
erosion rates) due to seasonal variations and short‐term weather conditions, we assume that the high
gas content close to the seafloor within the pockmarks is the result of groundwater seepage rather than
erosion. The high gas content combined with the low chlorinity very close to the seafloor induces sedi-
ment instabilities and a reduction in shear strength (Sills & Wheeler, 1992) which consequently make
sediments more easily erodible. In areas where only minor gas concentrations were measured in the
pockmarks (background pockmark area), we find an even and flat seafloor morphology, whereas in areas
with strong methane gradients (intrapockmark area), we observe a scoured surface which likely indicates
lower shear strength and additional erosion. Since we did not observe any indications for seafloor
scouring by bottom currents (e.g., elongation, preferred orientation, or azimuthal variations in slope of
the intrapockmarks), we propose that the abnormally shallow gas (which forms due to SGD; see
section 5.3) and the episodic release of groundwater are the main drivers of intrapockmark formation.
We suggest that the free gas changes the geotechnical properties, (e.g. reduces the shear strength (Sills
& Wheeler, 1992)), meaning that even weak groundwater discharge phases erode the very fine
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sediments. The background pockmark, on the other hand, shows no indications for elevated methane
concentrations, and we therefore presume that its morphology is the sole result of groundwater discharge
during strong discharge phases.

5.3. Enhanced Backscatter Signals of Intrapockmarks

High backscatter at the bottom of pockmarks, as we observed in Eckernförde Bays intrapockmarks, is a com-
mon phenomenon (Dandapath et al., 2010; Hovland et al., 2002; Judd & Hovland, 2009; Loncke et al., 2004).
Seeping fluids frequently result in authigenic carbonate precipitation due to the microbially driven anaero-
bic oxidation of methane once methane enters the SMTZ (e.g., Boetius et al., 2000; Ritger et al., 1987). These
carbonates are often associated with high‐amplitude, positive polarity reflections and a high backscatter sig-
nal in pockmarks (Böttner et al., 2019; Dandapath et al., 2010; Ho et al., 2012; Judd & Hovland, 2009).
Similarly, the suspension of fine‐grained material due to fluid escape, leaving the coarser‐grained material
behind as well as enhancing biological activity due to seeping fluids (skeleton remains, dead and living
shells, etc.), can create a strong impedance contrast and a rougher surface area and therefore results in
strong backscatter values in pockmarks (Hovland, 1989; Hovland et al., 2002; Reusch et al., 2015). These
pockmarks containing highly reflective objects at their centers have commonly been described as “eyed”
pockmarks (Hovland et al., 2002).

In Eckernförde Bay, the carbonate concentration in the sediment is extremely low (<2%) due to undersa-
turation in bottom waters (Lewy, 1975; Wefer et al., 1987), ruling out carbonate precipitation as a plausible
cause of high backscatter. Also, the pockmark area, which was well sampled over recent decades, shows a
surface sedimentary composition that consists of homogeneous Holocene mud without a significant
amount of coarser‐grained material (section 4.4, Jensen et al., 2002; Martens et al., 1999; Schlüter
et al., 2004; Whiticar, 2002). Similar to carbonate, gas‐bearing sediments induce a strong impedance
contrast to the surrounding water‐saturated sediments which creates a strong (albeit negative polarity)
reflection. Beneath the intrapockmarks, the closely spaced subbottom profiler data show that the shallow
gas front occurs closer to the seafloor and becomes patchier compared to the surrounding regions. This is
highlighted by the sum of acoustic energy extracted within a 50 cm window beneath the seafloor (Figure 4).
The upper 50 cm includes the strong reflections associated with the shallow gas in the intrapockmark
regime (see CH4 saturation in Figure 6) while excluding the reflections associated with deeper gas in the
background. Additionally, the sediment cores collected within the intrapockmarks show elevated methane
concentrations compared to the background pockmark and background cores. In several sediment cores
recovered on deck, we visually detected free gas bubbles ~10 cm beneath the sediment‐water interface
(Figure 7). Moreover, measured methane concentrations of the intrapockmark regime are comparable to
the solubility limit of methane at in situ pressure, temperature, and salinity conditions (Figure 6). This,
together with the good correlation of multibeam backscatter strength and subbottom profiler reflectivity
shown in Figures 4 and 5, suggests that the elevated backscatter results from free shallow gas within the
sediment at depth of ~10–20 cm.

Tang et al. (1994) reported that backscatter from a 40 kHz benthic acoustic measurement system results
from gas voids about 1 m beneath the seafloor in Eckernförde Bay. In a geologically very similar
environment to Eckernförde Bay, Schneider von Deimling et al. (2013) showed how a 12 kHz multibeam
system can be used to map shallow gas in up to 12 m sediments depth, while a 95 kHz system detected
the sediment‐water interface. Our results indicate that, in the soft muddy sediments of Eckernförde Bay
(with low attenuation coefficients of ~0.1–0.2 dB m−1 kHz−1; Jackson & Richardson, 2007), even the
400 kHz systems penetrate the upper few decimeters of the seafloor, and volume scattering provides
information on subsurface sediment properties (in this case, partially gas saturated sediment). A
large‐scale seafloor backscatter classification approach in Eckernförde Bay by Alevizos et al. (2018)
classified parts of the Mittelgrund pockmarks to consist of sand with small amounts of gravel due to
the elevated backscatter signals in the pockmarks. The intrapockmarks indeed exhibit exceptionally high
backscatter values with signal strengths comparable to the backscatter of the late glacial sands of
Mittelgrund. However, no substantial amount of sand or gravel has been reported from sediment cores
or grabs in this region and the automated seafloor classification likely incorrectly identified the free gas
as sand.
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The depth of the shallow gas front in Eckernförde Bay changes over time on a short‐term (effective pressure
dependent) and seasonal (water temperature dependent) basis (Treude et al., 2005; Wever et al., 1998, 2006).
On a seasonal basis, the bottom waters have highest temperatures around October–November with lowest
bottom water temperatures during March–April (Lennartz et al., 2014). While a decrease in water tempera-
ture increases the solubility of methane, a temperature increase reduces the solubility and therefore
increases the amount of free gas bubbles. The free gas front is therefore expected to be deepest during
March–April and shallowest between October and November (Wever et al., 1998). We observe this phenom-
enon in our subbottom data where the EMB187 line (acquired on 7 July 2018) shows a free gas front around
70 cm below the seafloor in the background area compared to ~40 cm below the seafloor in the AL447 data
(acquired on 22 October 2014).

Although the different multibeam systems used for acquisition were not calibrated for the target
strength (i.e., pockmark backscatter cannot be directly compared), the backscatter distribution pattern
of the intrapockmarks seems to be unaffected by seasonal variations and show the same strong patchy
backscatter character throughout all three data sets (22 October, 8 September, and 16 May). This sug-
gests that free shallow gas constantly resides in the uppermost decimeters within the intrapockmark
regime and affects multibeam backscatter systems with 180, 300, and 400 kHz to a similar degree.
This is supported by strong amplitudes close to the seafloor‐water interface in all subbottom profiler
data (Figure 4). We suggest that this phenomenon results mainly from the ascending groundwater,
which is thought to intensify the upward migration of dissolved as well as free methane
gas (Khandriche & Werner, 1995), thereby increasing gas concentrations closer to the seafloor.
Moreover, as sulfate is rapidly depleted in pore water by ascending groundwater (Figure 6), the
SMTZ is uplifted closer to the seafloor and thus the depths where methanogenesis would lead to over-
saturation. Therefore, gas bubble formation is uplifted and free gas occurs closer to the seafloor in areas
of SGD.

5.4. Acoustic Indicators for Groundwater

One aim of this study was to find hydroacoustic indications for SGD in the water column or the sea-
floor. Khandriche and Werner (1995), as well as Bussmann and Suess (1998), reported decreased sali-
nities in the water column down to S = 2.9 (~45 mmol/L chloride) near the bottom of a pockmark,
indicating a strong groundwater outflow during their surveying. However, repeated dedicated water col-
umn analysis of multibeam water column imaging data and Simrad EK60 single beam data over several
years revealed no indications of groundwater influence on the water column above the pockmark sites.
We could observe several small gas seeps and single gas bubbles in the acoustic water column data
though (Figure S1). Horizontal, locally continuous pycnoclines observed in the EK60 data do not seem
to be affected by fluid seepage above the pockmarks (Figure S1). This agrees with findings from
Bussmann and Suess (1998) who reported that the water column stability was not affected by less dense
groundwater at the base of the pockmarks. The lack of observed acoustic reflections from discharging
groundwater may indicate a quiescence phase during our sampling periods. Our sediment pore water
chloride profiles (collected May 2019) and also published chloride records from Albert et al. (1998),
Bussmann et al. (1999), Müller et al. (2011), or Schlüter et al. (2004) indicate that mixing of low saline
groundwater with seawater already occurs in the upper sediments preventing the low saline ground-
water from seeping out. In Eckernförde Bay the discharge rate is highly variable since groundwater
discharges episodically (Bussmann & Suess, 1998; Schlüter et al., 2004). Unfortunately, no long‐term
seepage meters were available during our surveys. Even during a strong groundwater outflow event, like
observed by Khandriche and Werner (1995) or Bussmann and Suess (1998), strong mixing between fresh
and saltwater could occur, resulting in a gradual transition of acoustic impedances between the two
water bodies which prevents the development of a reflection at their interface. We therefore used a
different attempt to find acoustic indications for SGD by analyzing the seafloor morphology and
backscatter characteristics.

In general, the sediment cores we collected in Eckernförde Bay show a strong relation between methane
concentrations and groundwater. Only in core FL17, low chloride pore waters occur close to the sediment
surface, but no enhanced methane concentrations were observed; nor do we find acoustic indications for
free gas in the background pockmark area. We attribute this to the relatively thin organic‐rich sediment
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cover above the late glacial sands of Mittelgrund which are dipping south beneath the pockmark
(Figure 5). The thickness of organic‐rich Littorina mud covering the sands increases with distance from
Mittelgrund, and once the Littorina mud reaches thicknesses of more than ~1 m, free gas occurs in
the sediments.

With this one exception, all pore water profiles show increased methane concentrations where chloride
concentrations are low. In previous studies, Bugna et al. (1996) and Dulaiova et al. (2010) used elevated
methane concentrations in groundwater as a tracer for SGD. Ascending groundwater is not only often
already enriched in dissolved methane but also suppresses sulfate mixing into the sediment and therefore
increases the amount of metabolizable organic carbon reaching the methanogenic zone, allowing gas to
form closer to the seafloor (Albert et al., 1998; Dulaiova et al., 2010). Albert et al. (1998) modeled the influ-
ence of different groundwater fluxes on methane concentrations in Eckernförde Bay and showed how an
increased groundwater flux can lead to enhanced methane concentrations close to the seafloor when
assuming a higher input of metabolizable organic material into morphological sinks like pockmarks. As
discussed earlier, we acoustically detected and highly accurately located the free gas phase in the muddy
sediments of Eckernförde Bay. The free gas phase and therefore the high backscatter in the pockmarks
directly correlate with low chloride concentrations. We therefore assume that in areas with sufficient
organic material and methanogenesis, acoustic investigations can provide indications for groundwater see-
page. Since Fleischer et al. (2001) showed how globally abundant gaseous muds are in coastal waters and
shallow adjacent seas, our approach will have significant implications for future efforts to detect and
characterize SGD.

6. Conclusions

Using high‐resolution acoustic data in combination with 13 precisely located sediment cores, we reveal the
nature of different pockmark classifications made by previous authors in Eckernförde Bay. We propose a
classification of the pockmarks into different regimes according to their morphological and backscatter char-
acteristics rather than differentiating them into different types based exclusively on the pore water geochem-
istry. We discovered a new form of eyed intrapockmarks with enhanced backscatter signals at their bases
which is neither caused by authigenic carbonates nor by a change in seafloor material but rather by shallow
gas occurring close to the seafloor. This implies that even when using high frequencies, significant signal
penetration and volume scattering need to be considered and seabed classification methods must take this
into account. We assume that SGD (1) enhances upward migration of dissolved and free methane gas bub-
bles to the seafloor and (2) enhances methanogenesis close to the seafloor due to decreased sulfate concen-
trations in groundwater. This leads to an extremely shallow, consistent, and more stable gas front within the
intrapockmarks, less affected by temperature changes than the surrounding area. We suggest that this con-
sistent shallow gas alters the geotechnical properties of the unconsolidated sediments making them more
easily erodible by the discharging groundwater than the surrounding sediments. The intrapockmarks are
therefore a manifestation of groundwater flow that mobilizes free gas, which in turn promotes sediment
weaknesses and subsequent erosion. Recognizing this process is important for understanding how pock-
marks can be caused by SGD and why they occur where they do. Ultimately, this will help in identifying
and characterizing offshore groundwater systems which may become important sources of fresh water in
the future.

We showed that high‐frequency multibeam data can be used to detect shallow gas within the sediment in
regions of SGD. The seafloor morphology combined with backscatter data can, therefore, be used to
obtain indications for potential groundwater seepage in organic‐rich, gaseous, and muddy sediments.
Since shallow gas in muddy sediments is a common global phenomenon, our study highlights the impor-
tance of investigating how SGD and shallow gas interact close to the seafloor. We showcase that even at
400 kHz frequency, backscattering strength is significantly increased by subsurface volume scattering
from shallow gas. Our study also highlights the potential for shallow gas to confuse bathymetric depth
and backscatter interpretations, in addition to studies dealing with lower frequencies (e.g., Gaida
et al., 2019; Schneider von Deimling et al., 2013). In particular, we show that high‐resolution hydroacous-
tic surveys followed by targeted coring can be used to identify specific locations of SGD and provide new
insight into how SGD influences seafloor geochemistry and morphology. Our knowledge on the
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occurrence of SGD in deeper basins and oceans is limited (Post et al., 2013) because of the lack of suitable
detection techniques. The methodology we presented describes a possible way to survey SGD associated
with methane release and can be used elsewhere around the world to improve the identification and
characterization of SGD.
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