














Chapter III: A year of cont. measurements 3.3. Results and Discussion

tions in the Holocene mud are known to be widespread Mathys et al. (2005); Thieflen
et al. (2006), but only one seabed feature has been found during the measuring cam-
paign, which can be related to gas escape from the subsurface. The seismic section in
figure 3.6 shows a subtle depression in the seafloor (Lat: 54.90° N Long: 13.61° E).
The less than 1 m deep depression has a slightly elongated shape and a maximum di-
ameter of approximately 120 m and is surrounded with high amplitude reflections on
both sides forming a few hundred meter wide ring (data not shown). Distinct phase
reversal and seismic blanking is interpreted as a result of gas-mediated decrease of
bulk density and/or seismic velocity and bubble scattering and thus points to the
existence of free gas. Given these clear indications of shallow gas together with its
morphological shape we interpret this feature as a pockmark with free gas. Fig 3.6
shows a lower reflector below the seafloor, representing the top of the gas-charged
layer and indicating the accumulation of vast amounts of free gas in the Holocene
mud. Another strong reflector can be observed deeper in the glacial deposits indicat-

ing gas/fluid migration from deeper subsurface reservoirs.

Figure 3.6 — Multichannel seismic profile showing a pockmark and its vicinity in the
Arkona Basin. The seismic section is running from south (Lat: 54.90, Long: 13.61) to
north (Lat: 54.91 Long: 13.61). The presence of free gas beneath the seabed is indicated
by the reversed polarity compared to the normal polarity of the seafloor outside the
pockmark. The green lines indicate layer boundaries.

Highly elevated methane concentrations in the water column were detected only
6.5 nautical miles apart from this feature and in combination with the recorded sea
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level fluctuation, a pressure-induced seepage event is speculated as described in Wever
et al. (2006) for Eckernforde Bay (see also Schneider von Deimling et al., 2010). Such
an event could have caused extraordinary high methane values in the entire water col-
umn. It can be assumed that the oscillation of the sea level and the resulting sudden
pressure drop lead to the abrupt transition of dissolved (pore water) methane into free
gas followed by ebullition of free gas to the water column, or by a pressure-induced
(amplified by wind and waves) pumping impulse on the pore water of the sediment
and thus, seepage of methane-enriched water to the water column. For the situation
at station TF0113, both mechanisms would produce the same signal with the observed
enhanced but uniform distribution of methane due to the almost complete mixing of
the water column (Fig. 3.5). In contrast, gas transport and advection/diffusion of
dissolved methane can be clearly distinguished in waters with a density stratification,
which greatly reduces diapycnal mixing of the water and thus, the vertical transport
of dissolved constituents, while not hindering gas bubble mediated transport (Schnei-
der von Deimling et al., 2011). Whether methane was additionally released from gas
accumulations of deeper reservoirs need to be investigated in the future, using isotope

measurements.

3.3.4 Seasonal patterns of CH,; concentration and oversaturation in the

main basins of the Baltic Sea

The annual cycles of surface methane concentration and oversaturation show some
distinct seasonal trends in the individual basins, which in the following are discussed
in the framework of the key controlling parameters, i.e. sea surface temperature,
mixing depth, sea-air exchange, and potential direct connection of the upper water

body to the sediment (Fig. 3.7, Tab. 1).

3.3.4.1 Sea surface temperature

The average sea surface temperature of the Baltic Sea ranged from 0° C in Febru-
ary to almost 23° C in July in 2010 with strong regional differences (Fig. 3.7, red
lines). Strongest fluctuations of sea surface temperature were observed in the area of

85



Chapter III: A year of cont. measurements 3.3. Results and Discussion

the Gulf of Finland with widespread ice-coverage during the months February and
March. Highest surface temperatures in the Gulf of Finland were measured in July
with up to 24° C. Sea surface temperature of the Gotland Basin (GB) ranges from
4° C to 21° C in comparison. The rise in temperature mainly takes place between
early April and July. During this period, a continuous increase in methane satu-
ration was observed (Fig. 3.7, black broken line) in all basins. The temperature
strongly influences the methane solubility in water and seawater, in which on average
2.4 % less methane can be dissolved for each degree of temperature rise ( Wiesen-
burg and Guinasso, 1979). Thus, a water mass which is warmed will be increasingly
oversaturated with respect to the atmosphere without an increase in the absolute con-
centration, in accordance to our observations. However, the induced oversaturation
will stimulate the transfer of methane to the atmosphere (see section 3.3.5 and Fig.

3.7).

The warming of the sea surface beginning in April leads to the warming of parts of
the water column below, and can also cause warming of the sediments, especially in
shallow regions with a temporarily well mixed water column. The water temperature
observed near the sea bottom is used as a proxy for the temperature of the sediment
surface. Bottom water temperatures in the Arkona Basin e.g. show annual fluctua-
tions between -0.32° C (minimum) and 15.6° C (maximum; ICES 2011). In deeper
basins the annual fluctuation of the surface sediment temperature can be expected
to be much smaller than the fluctuations at the sea surface (Mogollon et al., 2011).
The sediment temperature influences the solubility of methane in pore water and the
depth of the shallow gas boundary layer (Wever et al., 2006). With the warming of
the sediment it can be expected, that less methane is solved in the pore water and sat-
urated pore waters might get oversaturated, resulting in a lower depth of the free gas
boundary layer or in an increased emission rate of sedimentary methane towards the
water column. Further, temperature is a key control for the production of methane
by methanogenic bacteria (Heyer and Berger, 2000).
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3.3.4.2 Stratification

The Baltic Sea can be distinguished in areas with permanent (e.g. GB) and
temporal stratification (e.g. AB, GoF; Feistel et al., 2008). The warming of the
surface water layers lead to a stratification of the water column and the formation of
the temporal thermocline during the summer months. The stratification, beginning
in April, separates the water column above the permanent halocline (where existent)
into two sublayers with different physical properties, the lower one mostly defined by
the winter surface water generated during maximum mixing depth in winter. Like
the halocline, the thermocline reduces vertical mixing and the methane transport in
particular between the deep water masses and sediment to the surface water. The
deeper bottom layers, disconnected from the surface, start to enrich in methane due
to the steady supply of methane from the seabed or the methane-enriched water
below the halocline. In contrast, the surface water depletes in methane due to loss
to the atmosphere by sea-air exchange, in part driven by the temperature-induced

decreasing solubility.

3.3.4.3 Wind, mixing depth, and sea-air exchange

The sustainability of the stratification of the water column depends on the annual
changing wind energy and the resulting mixing intensity and the temperature-gradient
driven heat exchange. In general, wind velocities in the Baltic Sea are higher during
the winter season and lower during the summer months. As a consequence, the depth
of the mixed layer is shoaling until mid summer, leading to the formation of water
layers with different properties (including methane concentrations). After reaching
a minimum depth, the mixing depth deepens again by wind stirring and thermal
convection until it reaches its maximum in winter (Fig. 3.7, blue lines). In the
shallower and not permanently stratified basins, this can lead to occasional complete
homogenization of the water column.

The wind speed also controls the gas transfer velocity & (which in this work scales
with v?; Equ. 3.3; Wanninkhof et al., 2009), and the air-sea exchange of methane
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(see section 3.2.5). Fig. 3.9 shows k, which is low in the months April till July (main
warming of the sea surface) and increases in mid-summer. A higher transfer velocity
fosters the relaxation of the disequilibrium between surface water concentrations and
atmospheric equilibrium. The mixing depth determines the thickness of the water
body from which a net sea-air flux can be sustained. Thus, at a given k, relaxation

towards methane equilibrium increases with increasing mixing depth.

3.3.4.4 Methane concentrations according to seasonal changes

The patterns of sea surface methane during 2010 in the different sub-basins re-
sult from the combination of the influencing parameters temperature and wind with
the conveyed controls of mixing depth, stratification and change of the gas transfer
velocity as described above. In spite of data gaps due to maintenance problems of
the measuring system in April/May, the general trend of the surface methane distri-
bution can be perceived and is confirmed by measurements of the year 2011 (data
not shown). The combination of the controlling factors result in distinct patterns of
oversaturation and methane flux into the atmosphere in different sub-regions of the
Baltic, in particular contrasting areas with at least occasional interaction between the
sediment, deeper water and surface water (e.g. MB, AB), and areas with a permanent
decoupling of the sediment and sea surface due to a permanent halocline (e.g. GB,
WoG, BB).

The winter period January till March is characterized by low sea surface tem-
peratures and high wind velocities. Highest measured methane concentrations were
recorded during this winter period especially in the regions of Arkona Basin, Born-
holm Basin and Gulf of Finland (Fig. 3.7, green dots, and three day average: black
solid line) with maximum values in January and declining concentrations towards
March (with the exception of the GoF, see below). A high wind-induced energy in-
put to the water column in combination with cooling from the atmosphere results in
a maximum mixing depth and the mixing of the entire water column down to the
sediment in some of the regions of the Baltic Sea, except for regions with a permanent

halocline (e.g. GB). The intense mixing accelerates the transport of methane from
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the sediment to the sea surface. Enhanced transport from the bottom layer and sed-
iment surface into the water column can occur in completely unstratified conditions
because of enhanced shear stress at the sediment-water interface. On the contrary,
strong wind forces enhance the gas transfer velocity at the air-sea boundary, leading

to an overall decrease of methane in the surface water later in winter (Fig. 3.7, green

dots and black solid line).

During the period from early April till July/August, sea surface temperatures
increase in all regions of the Baltic Sea (Fig. 3.7, red lines) and the mixing depth de-
creases with the development of the thermocline and summer stratification (Fig. 3.7,
blue lines). In general, the stratification of the water column hampers the methane
transport between deeper layers and the sea surface in the Baltic Sea (Schmale et al.,
2010b). The temperature-driven solubility decrease leads to an increase in methane
saturation values in all regions of the Baltic Sea (Fig. 3.7, black broken lines), which
could account for up to approximately 50 % additional methane saturation, assuming
a temperature increase of 18° C and constant methane concentrations of the surface
water during this period (2.4 % methane saturation for each degree temperature, loss
to the atmosphere neglected). The emission of methane to the atmosphere is reduced
due to lower wind velocities and gas transfer coefficients (Fig. 3.9) so that a slight
oversaturation is sustained although the sea-air flux tends to force the surface water
methane concentration towards equilibrium. During this period, the constant (though
small) flux of methane to the atmosphere and the inhibited replenishment from deeper
water layers due to summer stratification lead to the decrease in methane concentra-
tion in the surface layer. Deeper layers below the thermocline are characterized by
steady enrichment of methane by the sediment or mixing with methane-enriched wa-
ter below the halocline, forming a reservoir of methane. The reduced mixing depth
and stratification of the water column allows the development of strong methane gra-
dients within the upper 20 m (e.g.: AB, profile of August 1, 2010, Fig. 3.5, with
3 nM methane in 2 m and 26 nM methane in 22 m depth).

After its maximum in August, sea surface temperature starts to decrease around

September (Fig. 3.7, red lines), successively increasing the solubility of methane in
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Figure 3.7 — Compilation of various data sets for the interpretation of the seasonal
methane distribution. Sub charts show measured time series of methane concentrations
(green points) for each passing of the selected area (Table 3.1), its three day average
(black solid line), maximum mixing depth (blue line, daily average), methane satu-
ration (black dotted line, three day average), and sea surface temperature (red line,
three day average) for Mecklenburg Bight (MB), Arkona Basin (AB), Bornholm Basin
(BB), Gotland Basin (GB), West of Gotland (WoG) and Gulf of Finland (GoF). The
arrows beneath subplot AB indicate the sampling date of the water column profiles
shown in figure 3.5. Arrows in subplot AB and GoF show maximum values of methane
concentration. Note the two different scales for methane concentration and methane
saturation used for the individual subplots.
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the water. Wind velocities intensify, resulting in deeper mixing of the water column.
With increasing mixing depth, water layers with elevated methane content are mixed

to the surface, increasing the surface methane concentrations.

For this period, strong regional differences of the methane saturation can be
pointed out between the shallow regions (MB and AB) and the deeper regions of
the Baltic Sea like Gotland Basin or Gulf of Finland. In the deeper basins (e.g. GB,
BB, WoG, GoF), the deepening of the mixed layer leads to entrainment of methane-
enriched deeper waters into the surface layer, increasing methane concentrations.
Despite the deepening of the mixing depth in the Gotland Basin, the stratification of
the water column sustains, and the deep water volume with high methane values as
described in Schmale et al. (2010b) is not mixed to the surface. Cooling of the mixed
layer partly dampens the effect of increasing concentrations on the oversaturation.
The latter, in connection to enhanced wind speeds (and thus transfer velocities) lead
to enhanced flux towards the atmosphere (see section 3.3.5). Interestingly, the net
result of these co-acting processes for Bornholm Basin, West of Gotland and Got-
land Basin is an increase in concentrations in connection to a relatively constant

oversaturation until the end of the year.

The Gulf of Finland generally follows a similar trend, but methane concentra-
tions increase more strongly and oversaturation increases steadily towards the end
of the year with increasing mixing depth. This is consistent with the finding that
the sub-thermocline waters in the Gulf of Finland are stronger enriched in methane
than in the other central basins addressed above (Schmale et al., 2010b). Another
interesting finding is that the highest concentrations and oversaturations are found
in February/March, though the maximum mixing depth has been reached before.
The influence of the ice coverage on the methane distribution in this region needs to
be mentioned. It is assumed that methane concentrations and saturation values of
more than 200 % in this region in late winter indicate methane accumulations in the
water column under the ice cover (Berger and Heyer, 1990) which result in elevated
emission rates (discussed below) in ice free areas of the Gulf of Finland due to the
main water currents along the coast (Alenius et al., 1998). However, the influence of
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ice coverage on sea surface methane concentrations in the Gulf of Finland needs to

be investigated in more detail in the future.

An exception from these annual patterns of methane surface concentration and
oversaturation is the very shallow area of the Mecklenburg Bight and, to a lesser
extent, the Arkona Basin. In both basins, methane oversaturation strongly follows
the trend of sea surface temperature. In the Mecklenburg Bight, methane concen-
trations increase during the summer, reaching a maximum in August and leading to
the high saturation value of 290 % (Fig. 3.7). We suggest that wind-induced mixing
remains relevant for the transport of methane from the sediment and that summer
stratification is not capable nor sufficient to suppress the methane transport from the
sediment to the sea surface in these shallow basins for longer timescales. The observed
high fluctuations in methane concentrations throughout the year (MB, Fig. 3.7, green
dots) can be related to short time wind events with enhanced mixing of the water
column. Additionally, the importance of boundary mixing is enhanced and the vol-
ume of water below the thermocline will always be small in relation to the volume
of the mixed surface layer in MB. As a consequence, no build up of a large methane
inventory can counteract the annual variation of solubility by temperature changes,
which is mirrored in the parallel trends of sea surface temperature and methane sat-
uration. However, the amplitude of the seasonal trend is far too large to be caused
by the temperature effect alone, even considering the reduced sea-air exchange from
spring to summer. Apparently, the source strength for methane into the waters of the
Mecklenburg Bight is modulated by sediment temperature as well. In this shallow
basin, the variation of water temperature at sea bottom from 0° C to above 15° C
(ICES 2011) is comparable to sea surface temperature changes (Fig. 3.7). Potential
consequences are increased microbial methanogenesis due to increasing sediment tem-
peratures as well as higher methane emissions from the sediment to the water column
(Heyer et al., 1990; Heyer and Berger, 2000) , because of the solubility effect on pore
waters and shallow gas accumulations.

The Arkona Basin can be characterized as an intermediate between shallow regions

like the Mecklenburg Bight and deeper regions like the Bornholm Basin or Gulf of
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Finland. The Arkona Basin is deeper than the Mecklenburg Bight and therefore
the direct influence of the sediment and bottom water towards the surface layer
as described above is assumed to be less dominant than in the Mecklenburg Bight,
resulting in lower methane saturation values not exceeding 160 % in August (Fig. 3.7,
black broken line). It is notable, that the maximum methane saturation value in the
Arkona Basin is reached later than in the Mecklenburg Bight, and that the duration
of this peak lasts longer (several weeks) than in the Mecklenburg Bight (couple of
days). Accordingly, the mixing depth is increasing during this period by more than
10 m (August till September) until it reaches the bottom layer and the sediment in
November. Similar to the Mecklenburg Bight but little delayed in time, saturation
values start to decrease in September according to the temperature-induced solubility
effect until lowest saturation values are reached by December. This leads to the
assumption, that no methane reservoir could be established in the water column of
the Arkona Basin like in the Bornholm Basin or Gulf of Finland, where saturation
values remain elevated until the following spring season. Comparing the volume
of water below the thermocline of shallow regions like the Mecklenburg Bight to
deeper regions like the Bornholm Basin or Gulf of Finland, deeper basins contain
a much larger volume of water, implying a larger methane-enriched reservoir which
can be mixed to the surface. It is remarkable that the three day average of methane
concentration (Fig. 3.7, black solid line) in the Arkona Basin shows almost equal
methane values in the surface water from April until December, again demonstrating
the characteristic between the deeper basins with methane concentration minima in
summer and the Mecklenburg Bight with maximum concentrations during the same
period. A basic proof of concept for our interpretation of the processes after the peak
of the summer stratification based on a mass balance approach is given in section

3.3.6 for the Arkona Basin.

3.3.5 Flux - Methane emissions to the atmosphere

Our data show that the Baltic Sea remains a source for atmospheric methane
with a positive sea-to-air methane flux throughout the year in all regions (Fig. 3.8).
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Figure 3.8 — Methane fluxes F' [nmol m~2 s~!] calculated as monthly average for
selected areas of the Baltic Sea using the equation described in Wanninkhof et al.
(2009). Atmospheric methane data from the NOAA station in Poland were used for
the calculation.

Average wind speeds and thus, transfer velocities, show a similar pattern for all areas
in the Baltic Sea, with decreasing values during the spring period, very low values
during the summer period, a sharp increase in August and persistent high values in fall
and early winter. Figure 3.9 shows calculated transfer velocities k (after Wanninkhof
et al., 2009) for methane in the Baltic Sea for selected areas in 2010.

Methane fluxes during the period from April to August remain in generally low,

1'in comparison to the period September

ranging from 0.008 to 0.162 nmol m~2 s~
till November with fluxes ranging from 0.036 to 0.225 nmol m~2 s~! (Fig. 3.8). The
general increase of methane fluxes from June till August can be explained with the
temperature induced solubility effect and the resulting increasing methane oversatura-
tion in combination with a relatively low and uniform average gas transfer coefficient.
All basins show a considerable increase in the calculated methane flux in August
(Fig. 3.8) as a consequence of the transition to the regime of high wind velocities
(see k, Fig. 3.9).

Beginning October, strong differences in the general flux distribution occur, with
decreasing values in the Mecklenburg Bight and Arkona Basin compared to relatively
stable or increasing values in deeper regions like Bornholm Basin, West of Gotland,
East of Gotland, or Gulf of Finland, a consequence of the regional differences in

the seasonal development of methane oversaturation as discussed in 3.3.4. Whereas
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fluxes in the areas of the Bornholm Basin, Gotland Basin and around the island of
Gotland show a very similar pattern, fluxes in the area of the Mecklenburg Bight and
the Gulf of Finland deviate significantly. The Mecklenburg Bight shows generally
elevated methane fluxes compared to the regions Arkona Basin, Bornholm Basin,
Gotland Basin, West of Gotland, and East of Gotland, and significantly outstanding
methane fluxes during the period of June till September. This can be explained by
the mechanisms causing increasing surface water concentrations until late summer
discussed in section 3.3.4.4, leading to increasing emission rates to the atmosphere.
Methane fluxes in the Mecklenburg Bight drop from 0.225 nmol m~2 s~ in September
to 0.108 nmol m~2 s7! (Fig. 3.8) in October and further on until December despite of
an increase of k, again mirroring the (here decreasing) trend in sea surface methane
concentration during this period. For the deeper basins, the constantly high average
transfer velocities in combination with the relatively stable oversaturation sustained
by mixed layer deepening lead to the stable enhanced methane sea-to-air fluxes from
September until the end of the year (Fig. 3.8, BB, GB, WoG, EoG). The Arkona Basin
is considered an intermediate between the very shallow Mecklenburg Bight and the
deeper basins. Here, a methane flux of 0.497 nmol m~2 s~! in February might have
been caused by the described seepage event in the Arkona Basin (see also section
3.3). The Gulf of Finland shows comparable high flux values throughout the year
(Fig. 3.8). Gassy sediments and temporal anoxic conditions in bottom layers of the
Gulf of Finland during the summer period (Alenius et al., 1998) result in high amounts
of methane (dissolved in the deeper layers), which are mixed to the surface in autumn

—1 and

and winter. The origin of extraordinary methane fluxes of 1.145 nmol m~2 s
0.506 nmol m~2 s~! in February and March, respectively have to be regarded with
caution because of the potential role of sea ice. The ice coverage starts at the Finnish
coast line of the Gulf of Finland in January and reaches its largest expansion during
March (data not shown, Swedish Meteorological and Hydrological Institute, SMHI).
During the period of ice coverage no or very limited sea-to-air exchange of methane

can be expected. Nevertheless, the south-west part of the Gulf of Finland remained

principally ice free during the winter period 2010 just as the main ship traffic route
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Figure 3.9 — Transfer coefficient k£ during 2010 for selected areas of the Baltic Sea with
k = 0.24 x u? after Wanninkhof et al. (2009); whereas u is defined as daily average
wind speed [m s™1].

of Helsinki (SMHI). Here, changing conditions of drifting ice shields with suppressed
sea-air exchange and open water with high dissolved methane concentrations in the
surface water (Fig. 3.2) as well as high wind speeds and transfer velocities (Fig. 3.9)
can be assumed to influence methane fluxes to the atmosphere significantly but will

need further investigation.

In the area of the Gotland Basin very small monthly averaged sea-air fluxes with
0.0008 nmol m~2 s~ in December 2009 (data not shown) and 0.008 nmol m™—2 s in
April 2010 were calculated (Fig. 3.8). Looking at averaged methane saturation values
of single lines crossing the Gotland Basin in April, values of 96 % saturation with
respect to the atmosphere were calculated. Findings of the year 2011 show saturation
values of 94 % in February and April (data not shown), indicating that during the
period December till April the direction of the net flux for methane might change
frequently in the Gotland Basin. However, this occasional undersaturation of methane
can be explained by the enhanced solubility of methane at lower temperatures and

has only little effect on the general flux trend in this region.

Bange et al. (1994) calculated methane sea-air fluxes during July/August with
1.17 - 13.9 nmol m~2 s~% and with 0.11 - 0.17 nmol m~2 s~! during February, indicat-
ing a larger flux during summer than during winter. The flux approximations of Bange

and coworkers include results of atmospheric and dissolved methane concentrations
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determined using an automated gas chromatographic system during two Baltic cruises
(Southern Belt Sea, AB, BB, GB) in February 1992 (63 stations) and July/August
1992 (23 stations). Flux calculations of Bange et al. (1994) are based on calculations
after Liss and Merlivat (1986). The large data set underlying the flux estimations pre-
sented here provides monthly mean methane fluxes for the whole year 2010. Methane

1 and

fluxes in February and July/August amounted to 0.151 - 0.080 nmol m~2 s
0.010 - 0.076 nmol m~2 s~! for the Arkona Sea, Bornholm Sea and Gotland Sea.
Results show that in this study presented summer flux values are significant lower
than results presented by Bange et al. (1994). General seasonal changes of methane
saturations with low values during winter (e.g. 107 % BB) and higher values during
summer (e.g. 157 % BB) could be confirmed in this study (e.g. 116 % February -
134 % July/August, BB). Still, averaged methane supersaturation values of 3757 %
based on measurements at two stations during the summer sampling campaigns by
Bange and coworkers disagree with results presented in this study, showing averaged
methane saturation values of 290 % for the Mecklenburg Bight for July and August.
We therefore assume that estimated summer fluxes were overestimated by Bange et al.
(1994). Further, figure 3.8 shows that the seasonality of methane fluxes is charac-

terized by maximum values during winter and lowest values during summer for the

Baltic Sea.

3.3.6 Methane mass balance during the period of mixed layer deepening

As proof of concept, a rough methane mass balance for the development of the
methane concentration in the mixed layer, the water below and the sea-air flux for the
period of mixed layer deepening has been calculated using the water column methane
profiles of station TF0113 (1.08.2010, AB, Fig. 3.5) as starting condition. A scheme
illustrating the approach is given in figure 3.10, showing a simplified methane concen-
tration profile of the water column and the mixing depth for August and November.
The amount of methane remaining in the upper water column V., is estimated based
on sea surface methane concentrations in August and November assuming a homoge-
neous upper water column. V,,;, illustrates the amount of methane, which is mixed
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into the upper water column during the period August till November. Based on
methane profile TF0113 and the model-derived mixing depth (see section 3.2.4), V,,;.
is approximated with 203 pumol and can be compared to the flux during the period

August till November with 303 pmol.

> CH, [nM]

. MD August

<

<
<

1\</[D November

depth [m]

Figure 3.10 — Diagram illustrating a methane concentration profile (black solid line)
in August and the deepening of the mixing depth (MD) from August (black arrow) to
November (grey arrow). The amount of dissolved methane remaining in the homoge-
neous mixed upper water column V., is estimated according to the surface methane
concentration measured in August and November, respectively. The amount of dis-
solved methane V,,;, is mixed into the upper water column during the period August
till November.

The rough mass balance shows that the deepening of the mixing depth yields
a significant amount of methane, which is mixed into the upper water column and
accounts for elevated methane saturation values during the period August till Septem-
ber as described in section 3.3.4. A model-based estimation of sea-air exchange of
methane as described in Bange (2006) was not attempted at this point due to the
lack of available time series of water column methane concentration profiles of the
Baltic Sea in the period of August to November 2010.
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3.4 Conclusion

The first year of successful, continuous, and autonomous measurements of methane
in the surface water of the Baltic Sea shows large regional and seasonal variations,
influenced by a series of parameters. Processes controlling methane distributions in
the surface water were identified on various temporal and spatial scales. In the area
around Isle of Gotland several upwelling events could be observed, elevating the local
methane distribution in the surface water. Elevated methane concentrations in the
surface water and water column of the Arkona Basin in February 2010 with up to
832 % oversaturation could be related to a longer period of strong winds, resulting in
a potential pressure induced gas release from the underlaying methane bearing upper
sediments. Upwelling, seepage or wind events develop on a rather short temporal
and spatial scale; yet influence local methane distributions significantly. Temporal
stratification and low mixing depths of the water column of the Baltic Sea occurs
on a longer time scale and inhibits methane transport from methane-enriched deeper
water layers to the sea surface during summer. Thus, especially in deeper regions like
Bornholm Basin and Gulf of Finland a methane reservoir is formed during the summer
period, which is partly mixed to the surface from the beginning of autumn, leading
to elevated methane concentrations for several months. Stratification in shallower
regions like the Mecklenburg Bight is less dominant and no methane reservoir in
deeper water persisting of longer periods of time can establish. We suggest that
these regions are rather influenced by microbial methanogenesis in the sediment and
emission of methane into the water column, short-time wind events and reduced

solubility of methane by higher water temperatures during summer.

The Baltic Sea is a source of atmospheric methane with high emission values
during the winter season (0.015 - 1.145 nmol m~2 s™!) and low emissions during the
spring and summer season (0.008 - 0.162 nmol m~2 s!). Parameters controlling the
methane fluxes alternate during the seasons depending on the region. Methane fluxes
in shallow regions like the Mecklenburg Bight (0.057 - 0.225 nmol m~2 s~1) are higher
compared to deeper regions like the Gotland Basin (0.008 - 0.049 nmol m~2 s71) and

99



Chapter III: A year of cont. measurements 3.4. Conclusion

show significant changes during the seasons in connection with temperature driven
methane solubility changes and methanogenesis in the sediment. Methane fluxes in
areas with a permanent stratification like the Gotland Basin were found to be less
variable during the year and mostly influenced by temperature induced solubility and
annual development of the mixed layer. Highest methane fluxes were derived for the
Gulf of Finland in February 2010 with 1.145 nmol m~2 s™!). Here the influence of
changing ice coverage needs to be investigated in more detail in the future.

The general seasonal trend of the surface water methane distribution in the Baltic
Sea presented in this study could be confirmed by iterant patterns recorded in 2011.

Interannual changes will be presented elsewhere once more data become available.
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Seasonal variation of methane in the water column

of Arkona and Bornholm Basin in 2009 - 2011.
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! Leibniz Institute for Baltic Sea Research, Seestrafie 15, D-18119 Warnemiinde,
Germany

* Corresponding author: wanda.guelzow@io-warnemuende.de

4.1 Introduction

Various studies of the Baltic Sea concerning the greenhouse gas methane concen-
trate on its emission from marine environments towards the atmosphere with the aim
to quantify its contribution to the global methane budget (e.g Cicerone and Orem-
land, 1988; Bange et al., 1994, 1998; Bange, 2006; Grunwald et al., 2009). Estimates
of worlds ocean methane emissions range from 2 % (Bange et al., 1994) to 10 %
(Grunwald et al., 2009) reflecting its large uncertainties due to the lack of data and
the limitations of discrete data measurements.

The main source of methane in marine environments is the anoxic microbial fer-
mentation of organic matter (methanogenesis) in marine sediments and anoxic marine
basins (see also section 1.1.3; Clicerone and Oremland, 1988; Heyer et al., 1990; Hov-
land, 1992). Emissions of methane from marine sediments into the water column are
controlled by the anaerobic oxidation of methane (AOM), which converts the major-
ity of the methane produced in marine sediments, before it enters the hydrosphere
(Treude et al., 2003; Jorgensen and Kasten, 2006). The fraction of methane entering
the hydrosphere is mixed to the sea surface. During its transport through the wa-
ter column, methane is further depleted by aerobic oxidation ( Whiticar et al., 1986;
Butler et al., 1989; Berger and Heyer, 1990; ThiefSen et al., 2006) especially in the
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oxic/anoxic transition layer, as has been shown for the Black Sea (Schmale et al.,

2010a).

Regarding to the strictly anaerobic microbial formation process of methane, the
worldwide increasing number of areas with hypoxic and anoxic conditions in the
lower water column and the sediment gives reasons of concern (Rabalais et al., 2010;
Conley et al., 2009, 2011). Future predictions raise the question if methane concen-
trations in the deeper water column will increase due to the expansion of hypoxia
and if this will lead to enhanced methane emissions to the atmosphere (Bange, 2006;
Naqui et al., 2009; Bange et al., 2010). So far, only few studies subject hypoxia
as source of methane in the deeper water column (Bange, 2006; Naguvi et al., 2009;
Bange et al., 2010; Schmale et al., 2010b). Enhanced methane emissions to the at-
mosphere could be confirmed in late summer/autumn after increased accumulation
of methane in hypoxic areas during the summer stratification (Bange et al., 2010;
Giilzow et al., acc. for BGS:D). The correlation of seasonal hypoxic conditions and
elevated methane concentrations on the contrary could not yet be observed (Bange
et al., 2010). Instead a bimodal seasonality of methane concentrations in the bottom
layer of Boknis Eck (Eckernforder Bight, Baltic Sea) was observed, which could be
triggered by sedimentary organic material after phytoplankton blooms (Bange et al.,

2010).

In this study we focus on dynamics and parameters, which influence the transport
of methane through the water column of the Arkona and Bornholm Basin from the
sediment towards the sea surface and its seasonal distribution patterns within the
water column (Fig. 4.2). Vertical profiles of dissolved methane from a central station
in the Arkona Basin (TF0113), sampled from January 2009 till October 2011 and
the Bornholm Basin (TF0200), sampled from December 2009 till November 2011, are
presented. Additional, several methane transects, taken in the Arkona and Bornholm
Basin, are shown and interpreted with model derived observations of dynamics and
processes along this transects. The methane distribution within the Bornholm Basin
is observed in respect to seasonal appearance of hypoxic and anoxic conditions.
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4.2 Hydrography Baltic Sea

The Baltic Sea is a rather shallow marginal brackish sea with an average depth
of 52 m. A variety of submarine sills divide the Baltic Sea in several sub basins
(Fig. 4.1), which can be distinguished and characterized by different geochemical
and hydrographical gradients.
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Figure 4.1 — Overview of the Basins of the Baltic Sea with the detailed south western
Belt Sea and the Arkona Basin. The Sound can be divided in the @resund () and
Drogden Sill (DS), which is connected with the Arkona Basin via the Kriegers Shoal
(KS). The Belt Sea can be divided into the Little Belt and the Great Belt and is
connected with the Mecklenburg Bight via the Fehmarn Belt (FB). The Darss Sill
(DrS) separates the Mecklenburg Bight and the Arkona Basin.

Today, the Skagerrak and Kattegat remain the only connection with the North
Sea and the open ocean. Especially the transition zone formed by the shallow Belt
Sea in the south western part of the Baltic Sea limits the water exchange with the
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North Sea. The Baltic Sea is governed by a positive freshwater balance due to river
runoff. Together with episodic saline inflow events a less saline or brackish out-
flowing surface layer and a more saline in-flowing bottom layer is formed, separated
by a permanent halocline. The water exchange between the North Sea and the Baltic
Sea via the transition zone encounters effective mixing and is controlled by barotropic
and baroclinic pressure gradients, local winds, bathymetry and stratification (Schmidt

et al., 1998).

4.3 Study site

The Arkona Basin is situated in the south - western part of the Baltic Proper and
is characterized by a smooth morphology with a maximum water depth of 55 m. A
description of the late- and postglacial sediments, which filled up the rough subsurface
of the glacial morphology are specified in Thieflen et al. (2006). Acoustic surveys
detected high amounts of free gas in the uppermost Holocene sediments within 160
to 100 cm below seafloor of the Arkona Basin with decreasing values towards the
centre of the Basin (Thieflen et al., 2006). Pore water methane concentrations were
determined with approximately 4 gmol L™! in the central Arkona Basin, which was
formed exclusively by microbial reduction of organic matter ( Thieflen et al., 2006).

The hydrology of the Arkona Basin is dominated by frequently inflowing saline
water masses from the North Sea, leading to a complex stratification of the water
column (Rheinheimer, 1995). The salinity of the bottom water of the Arkona Basin
varies between 10 and 20 psu (Lass and Mohrholz, 2003). During strong easterly
winds the Oder river plume is guided along the German islands Usedom and Riigen
into the surface water of the Arkona Basin (Feistel et al., 2008). The surface water
salinity of the Arkona Sea shows values with 8 psu on average. The Arkona Basin is
characterized by entire mixing during the winter and autumn period and by a three-
layered stratification during the summer and spring period with a colder intermediate
water layer, a warm surface layer and a deeper saline bottom water layer. The water

column of the Arkona Basin remains oxic throughout the year with occasional hypoxic
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conditions (weeks) during strong summer stratification.
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Figure 4.2 — Sampling site Arkona Basin and Bornholm Basin. The map shows the
location of the GETM model data (Arkona Transect and Bornholm Transect; black
solid lines) and the transects AB1 (taken in January 2009), AB2, BB1, BB2 (taken in
December 2009), AB3 and BB3 (taken in July/August 2010). The stations TF0113,
TF0200 and TF0213 are monitoring stations for vertical methane profiles. ZT marks
a pockmark location. The blue striped areas indicate gassy sediments after Laier and
Jensen (2007).

The Bornholm Basin is situated in the south western part of the central Baltic
Sea and is connected with the Arkona Basin in the west via the Bornholm Strait,
a 30 km wide and 50 m deep channel between Sweden and Bornholm. Unlike the
Arkona Basin, the Bornholm Basin can be considered as an enclosed basin, being
connected with the Gotland Basin via the Stupsk Channel, 40 m shallower than the
deepest part of the basin (Feistel et al., 2008).

The Bornholm Basin forms one of the larger basins of the Baltic Sea with a lat-
eral scale of 100 km and maximum depth of 105 m. During the summer period, a
typical three-layered vertical stratification is formed with a thermocline in 10 - 30 m
depth and a deeper halocline in 50 - 70 m depth (van der Lee and Umlauf, 2011).
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The vertical mixing of the water column due to the deepening of the mixing depth
during the winter period usually does not reach the sediment. After longer stagna-
tion periods without ventilation of the deeper water layers of the Bornholm Basin
oxygen is depleted via oxidation of sinking organic matter (Reissmann et al., 2009).
Hence, the bottom layer of the Bornholm Basin is characterized by hypoxic condition
during winter and temporal anoxic conditions during summer. The occurrence of
hydrogen sulfide changes the deeper water environment as well as the nutrient dis-
tribution like enhanced liberation of phosphate and iron(Il)ions (Reissmann et al.,
2009). The ventilation of the dense bottom water pool is therefore depending on
saline and oxygenated inflows from the North Sea (Sellschopp et al., 2006; Feistel
et al., 2008).

4.4 Sampling and Methods

Methane profiles where taken along three transects in the Arkona Basin in January
2009 (AB1), December 2009 (AB2) and July 2010 (AB3). ABI extends from south
(54° 42.56" 13° 32.65") to north (54° 55.51° 13° 30.0") and crosses a sediment field
with high amounts of trapped gas (Fig. 4.2 Laier and Jensen, 2007). The southern
end of AB1 is situated on the shelf area with 30 m water depth and reaches to the
centre of the Arkona Basin (45 m depth). AB2 crosses the area of gassy sediments
from south-east (54° 56.32’ 13° 41.34") to north-west (54° 58.17" 13° 9.16’, Fig. 4.2)
Transect AB3 extends from south (54° 42.21° 13° 23.77") to north (55° 19.46" 13°
32.02’) crossing the entire Arkona Basin. Stations 14, 15 and 16 are located above
the gassy sediment field (Fig. 4.5; Laier and Jensen, 2007).

Three methane transects were taken at the Bornholm Basin in December 2009
(BB1, BB2) and August 2010 (BB3; Fig. 4.2). BB1 extends from south (55° 14.99
15° 26.16) to north (55° 24.08 15° 28.40) and crosses a gassy sediment field (Fig. 4.2;
Laier and Jensen, 2007). Transect BB2 is longer than BB1 and reaches from north
west (55° 32.68 14° 49.96) to south east (55° 10.95 15° 45.60) alongside the gassy sed-
iment field. Transect BB3 crosses a second smaller gassy sediment field from south
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(55° 15.02 15° 26.15) to north (55° 30.02 15° 34.04; Fig. 4.2; Laier and Jensen, 2007).

Table 4.1 — Overview of sampling sites, dates and methane measuring techniques

site date measuring technique
TF0113 Jan, Dec 2009, Purge & Trap

Jan, July 2010 Purge & Trap

Aug 2010 Vacuum Extraction

Mar, May, Aug, Oct Purge & Trap

2011
TF0200 Dec 2009 Purge & Trap

Aug 2010 Vacuum Extraction

Mar, May, Aug 2011  Purge & Trap

Nov 2011 Vacuum Extraction
AB1 Jan 2009 Vacuum Extraction
AB2 Dec 2009 Vacuum Extraction
AB3 Aug 2010 Vacuum Extraction
BB1 Dec 2009 Vacuum Extraction
BB2 Dec 2009 Vacuum Extraction
BB3 Aug 2010 Vacuum Extraction

More than 80 water column profiles were sampled during the present study using
a 12 Niskin bottle (10 L) rosette sampler. For continuous CTD profiling a Seabird
sbe911+ system was mounted to the sampling unit. Temperature and conductivity
sensors were calibrated after each cruise. The oxygen concentrations of water samples
were measured via Winkler titration to calibrate the oxygen sensors ( Grasshoff et al.,
1999). Hydrogen sulfide in sea water was analysed spectrophotometric as methylene
blue after (Fischer, 1883; Fonselius, 1969).

Water samples for methane analyses were taken instantaneously after retrieving
the CTD and sampling for oxygen measurements. Methane concentration was mea-
sured using the purge and trap (section 4.4.1; analysis in the lab) or vacuum extraction
method (section 4.4.2; analysis onboard) and analyzed with gas chromatography. For
the purge and trap method, water samples were taken using 250 ml crimp cap glass
bottles, sealed with a butyl rubber septum or 250 ml ground flasks, poisoned with
500 pl mercury chloride (HgClsy) and stored at 4° C and in the dark until measuring
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in the lab. Water samples using vacuum extraction were analyzed on board within
2 hours after the sampling. Table 4.1 gives an overview of all sampling sites and the

applied analyzing technique.

4.4.1 Purge & Trap Method

The Purge and Trap method (P&T) based on Michaelis et al. (1990) is described
in detail by Thomas (2011). The water sample is transferred into a purge vessel and
purged with helium for 30 minutes. During this process, the total amount of dissolved
gases are purged from the aqueous into the gaseous phase and methane is trapped
using a HayeSep D packed column as adsorbent (25 ecm 1/8” SS; 60/80 mesh), cooled
down to -100° C'. During the following heating process of the column (up to 95° C),
methane is released from the adsorbent and transported to the gas chromatograph
(Shimadzu GC-2014) equipped with a packed seperation column (3 m 1/8” SS, acti-
vated aluminium oxide, 60/80 mesh, grade F-1) and a flame ionization detector for
determination. For calibration a 1 ppm and 100 ppm methane standard (Linde) was

used. The methane concentration Copy [mol L_l] can be calculated:

Vs

—_— 4.1
Vmol * Vaq ( )

Copa =

with the molar gas volumne V,,, of 22.4 L mol~!, the volume of water sample
transferred into the purge valve V,, [L] and the purged volume of methane V, [L].
The latter can be calculated with equation 4.2 using the determined area of the
measured gas areasqmple, the standard gas areagq, the methane mole fraction of the

standard gas g4 [ppm| and the volume of the sample loop Ve [L].

Tstd
areQgtq

Vy = areasgmple *

* VLoop (42)

4.4.2 Vacuum Extraction Method

For methane analysis aboard a modification of vacuum extraction method (VE)
described by Lammers et al. (1994) was used (Rehder et al., 1999; Thomas, 2011).
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700 ml of water sample was filled into pre-evacuated 1000 ml glass bottles, which were
closed with valve caps to avoid any air contamination caused by leakage. A calibrated
flowmeter (ENGOLIT Flow-Control 100S DMK) was used to determine the exact
water volume V,,, transferred into the glass bottles (needed for calculation purpose).
The transfer of the sample water into pre-evacuated bottles leads to a degassing of
87.4 + 11.2 % of the total solved gaseous volume V, (Thomas, 2011). The mole
fraction of methane zcyy was subsequently determined using a gas chromatograph
(Thermoscientific GC) equipped with a flame ionization detector.

The methane concentration Copy can be calculated using equation 4.3 with the

molar gas volume Vj,,; of 22.41 L, mol~*.

Toma * Vg

4.3
Vmol * Vaq ( )

Cona =

A detailed description of possible sources of errors as well as the comparability
of the P&T- and VE-method is given in Thomas (2011). Results of duplicate field
samples show that methane concentrations measured by P& T reach values on average
9 % higher than measured by VE. The disagreement of the two methods diminishes for
high methane concentrations. The experimental standard deviations for laboratory
conditions were determined with 5 % for the VE-method and 4 % for the P& T-method
(Thomas, 2011).

4.4.3 Accompanying parameters

The three-dimensional free-surface primitive equation model GETM was used to
parameterize the vertical and horizontal mixing at two transects (Arkona Transect,
Bornholm Transect) of the Baltic Sea (Grdwe et al., 2012, in press) for 2009. Using a
grid-spacing of approximately A = 600 meters (840x610 grid points), the important
length scale of a baroclinic Rossby radius (4 - 7 km; van der Lee and Umlauf, 2011)
can be resolved by 4 - 5 grid-points. GETM has been successfully applied to simulate
inflow events into the Baltic Sea (Burchard et al., 2009), and was further used for
climate downscaling for the Western Baltic Sea ( Grdwe and Buchard, 2011). Adaptive
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vertical coordinates with 50 vertical layers are applied. The atmospheric forcing was
derived from the operational model of the German Weather Service with a spatial
resolution of 7 km and temporal resolution of 3 hours. For data analysis, 24 hourly
snapshots of temperature and salinity were stored along the Arkona Transect and
Bornholm Transect.

The mixed layer depths were extracted from a high-resolution circulation model
of the Baltic Sea based on the Modular Ocean Model (MOM4), developed at the Geo-
physical Fluid Dynamics Laboratory (Griffies et al., 2004). The model bathymetry
is based on a one nautical mile grid (Seifert et al., 2001) and described in more detail

in Giilzow et al. (acc. for BGS:D).

4.5 Results & Discussion

Time series of vertical methane profiles, measured between January 2009 and
November 2011, will be presented and discussed for the Arkona and Bornholm Basin
in the following section. General seasonal changes of stratification and vertical mixing
of the water column, influencing the vertical methane distribution will be elucidated.
Water column transects from the Arkona and Bornholm Basin are shown. GETM
model simulations of the vertical and horizontal mixing for 2009 will be consulted for
the understanding of general seasonal flow patterns and dynamics within the water
column of the Arkona and Bornholm Basin, which influence the vertical methane
distribution. Due to the intensive computing time required for the model run, no
model data are available for 2010 and 2011 so far. For this period, only general flow

patterns can be used for interpretations.

4.5.1 Time series
4.5.1.1 Time series at TF0113

Nine vertical methane profiles were taken at station TF0113 (station 16 at transect
AB3; Fig: 4.5) from January 2009 till October 2011, showing remarkable changes in
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the vertical methane distribution over time (Fig. 4.3). The profile taken on January
28" 2009 (Fig. 4.3 A) is characterized by low methane concentrations throughout
the water column (green dots). The parameters oxygen (blue solid line), temperature
(red solid line) and density (black solid line) indicate the deep homogeneous mixing
of the water column down to 39 m depth. A sharp density gradient (halocline) below
39 m separates the dense bottom layer from the mixed upper water column, forming
the characteristic two-layered winter water column of the Arkona Basin. Similar low
methane concentrations were measured on December 37 2009 (Fig. 4.3 B). Profile B
shows homogeneous temperature and oxygen values and a strong halocline at 12 m

depth indicating a significant lower vertical mixing compared to January 28" 2009.

Extraordinary high methane concentrations throughout the water column recorded
on January 28 2010 (Fig. 4.3 C) result from a seepage event after a period of strong
blowing winds, a significant sea-level shift and mixing of the water column down to
the sediment. The event is described in detail in Gilzow et al. (acc. for BGS:D).
The strong vertical mixing at station TF0113 results in a homogeneous methane,
temperature and oxygen distribution along the profile (Fig. 4.3 C). The significant
deepening of the halocline on January 28" 2010 (Fig. 4.3 C), compared to the profile
taken on December 12" 2009 reflects the strong vertical wind-induced mixing during
this period. On January 28" 2010 methane values up to 400 nM could be measured
in the bottom layer of TF0113 (Fig. 4.3 C), indicating a large amount of methane
released from the sediment during the event. Elevated methane concentrations could
be measured until six days after the event in the surface water of the Arkona Basin re-
flecting the fast exhaustion and transport of methane from the water column towards

the atmosphere (Giilzow et al., acc. for BGS:D).

During summer 2010, two profiles were taken within 14 days (Fig. 4.3 D, E),
showing the characteristic three-layered summer stratification, with a warm surface
layer, a colder intermediate layer and a thin, dense bottom layer. On July 17" 2010,
low methane concentrations were measured within the water column to 35 m depth
(maximum values 12.8 nM) but significantly increasing values up to 184.7 nM, fol-
lowing the density gradient in the bottom layer (Fig. 4.3 D). The methane profile of
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Figure 4.3 — Vertical methane profiles at TF0113. The arrows along the time lime bar
indicate when vertical water column profiles were taken. The vertical profiles A - I show
the methane (green dots), temperature (red solid lines), oxygen (blue solid lines) and
density distribution (black solid line) at different times at station TF0113. The black
and green arrows indicate the water density and methane values outside the display
range respectively. At profile A (January 28" 2009), no oxygen concentrations were
measured due to malfunction of the oxygen sensor.
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August 1°¢ 2010 reflects the fast changes and high dynamics of the methane distribu-
tion within the water column of the Arkona Basin. Whereas methane concentrations
remain low in the surface water (2.6 nM), elevated values (26.0 nM) were measured
already below 22 m depth, concurrent to a deepening of the halocline and a decrease
in methane concentrations in the bottom layer (125.9 nM; Fig. 4.3 E). Profile E
reaches to 45 m water depth, showing a significant decrease of oxygen concentration
and hypoxic conditions within the bottom layer.

Methane values of the upper water column taken on March 237¢ 2011 range from
7.8 nM - 9.2 nM (down to 40 m depth) and up to 260.0 nM in the bottom layer
(43 m depth; Fig. 4.3 F). The profile shows a mixed layer to 30 m water depth with
a smooth density gradient between 30 m and 40 m depth. Oxygen concentrations
within the bottom layer recovered compared to August 1%¢ 2010, showing values of
approximately 7 ml L™! (Fig. 4.3 F).

The profile taken on May 11" 2011 shows a mixed upper water layer and homo-
geneous methane, temperature, density and oxygen values up to 41 m depth (Fig.
4.3 G). Within the dense bottom layer below 41 m on the contrary, oxygen values de-
crease rapidly reaching hypoxic conditions. Simultaneously, methane concentrations
increase to approximately 397.3 nM (Fig. 4.3 G).

The characteristic summer stratified water column is developed again on Au-
gust 4" 2011 (Fig. 4.3 H). Methane concentrations remain low in the upper water
layer and increase towards the bottom layer, following the smooth density gradient.
Maximum methane values with only 90.6 nM in the bottom layer are significantly
lower compared to the situation in August 2010 or May 2011 (Fig. 4.3 H, G, E).
Oxygen concentrations remain low with values approximately 1.1 ml L~!, reaching
hypoxia in the bottom layer.

The vertical profile taken on October 25t 2011 shows a similar stratified charac-
teristic like the profile taken on August 4" 2011. Methane concentrations decreased
further within the bottom layer, reaching maximum values of 36.8 nM at 40 m depth
(Fig. 4.3 T). Hypoxic condition persist with oxygen values, approximately 1.9 ml L.

Following the seasonal change of the vertical temperature and density distribu-

113



Chapter IV: Seasonal variation 4.5. Results & Discussion

tion at station TF0113 (Fig. 4.3), the general seasonal cycle of stratification and deep
mixing can be observed. The warming of the surface layer during spring leads to the
formation of a strong stratification beginning May and lasting till November and the
development of a three-layered water column, forming a lighter and warmer surface
water layer, a colder intermediate layer and a dense bottom layer. The deepening
of the mixed layer depth, according to stronger winds during autumn, leads to the
erosion of the thermocline and the formation of a two-layered water column with a
homogeneous upper water body and a dense bottom layer. Accordingly, a general
seasonal trend of the vertical methane distribution can be derived. Low methane
values can be observed in the upper water column throughout the year. Methane
concentration within the deeper water layers on the contrary vary significantly. The
bottom layer remains undisturbed from vertical wave mixing and ventilation during
the summer period and is constantly enriched by methane emitted from the sedi-
ment. The winter period can be characterized by homogeneous low methane values
throughout the water column due to the wind induced mixing of the water column
and enhanced exhaustion of methane towards the atmosphere. Decreasing methane
concentrations measured in November 2011 confirm this pattern for the winter period
2011/2012 (Fig. 4.3 I). The upper water column remains oxic throughout the year
with values ranging from 6.2 to 8.1 ml L™!. The bottom layer on the contrary reaches
hypoxic condition according to the development of the strong summer stratification,

lasting several months.

4.5.1.2 Time series at TF0200

Water column profiles taken at station TF0200 in the Bornholm Basin (Fig.
4.4) differs significantly in the vertical methane distribution from December 2009
to November 2011, compared to station TF0113.

The vertical water profile of December 9" 2009 is characterized by a well mixed
upper water column with homogeneous methane, temperature, oxygen and density

values down to 40 m depth (Fig. 4.4 A). The deeper, warmer water column is de-
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fined by a continuously increasing density to 84 m depth, accompanied by decreasing
oxygen values and hypoxic conditions with values ranging from 1.1 - 1.5 ml L™ be-
tween 70 and 84 m. A thin, dense bottom layer with oxygen concentrations reaching
approximately 5 ml L™! could be observed at 86 m depth. The methane concentra-
tion below 40 m depth changes significantly towards the bottom layer (Fig. 4.4 A).
Initially, methane values increase up to 25.8 nM between 40 and 70 m depth. From
70 - 84 m water depth methane concentrations decrease again, ranging from 6.2 -
7.8 nM. Within the thin bottom layer another increase in methane values con be
observed reaching 22.8 nM.

Profile B (August 2"¢ 2010) was taken during the characteristic three-layered
summer stratification in the Bornholm Basin, forming the warm upper water layer
(down to 22 m depth), a significantly colder intermediate water layer (old winter
water, approximately from 23 to 76 m) and a dense bottom layer (Fig. 4.4 B). The
thermocline was observed at approximately 24 m depth. Methane values at 60 m
water depth remain high and increased compared to December 9 2009 with 50.1 nM.
The bottom layer on the contrary shows significantly higher methane concentrations
with maximum values of 354.6 nM. Oxygen concentrations decreased remarkably in
the bottom layer, forming hypoxic conditions with only 0.1 ml L=! (Fig. 4.4 B).

The vertical water profile of March 31%¢ 2011 is characterized by a homogeneous
upper water column and uniform methane, temperature, oxygen and density values
down to 56 m depth, caused by strong wind-induced deep mixing (Fig. 4.4 C). A strong
halocline, characterized by a sharp density gradient below 56 m depth, separates the
warmer bottom layer from the upper water column. Concurrent to the halocline,
elevated methane concentrations of 45.5 nM were observed. The thick homogeneous
bottom layer remains undisturbed and hypoxic (approximately 0.2 ml L™!). Methane
values in the bottom layer are significantly lower with only 19.7 nM, compared to the
profile taken on August 2"¢ 2010 (Fig. 4.4 B, C).

The warming of the surface water (thermocline at 25 m depth) accompanied by the
development of the summer stratification (and an uplift of the halocline compared to
profile C), were observed on May 12" 2011 (Fig. 4.4 D). Methane concentrations along
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Figure 4.4 — Vertical methane profiles at station TF0200. The arrows along the time
bar indicate when vertical water column profiles were taken. The vertical profiles B - G
show the methane (green dots), temperature (red solid lines), oxygen (blue solid lines)
and density distribution (black solid line) at different times at station TF0200.
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profile D remain almost unchanged compared to profile C . Oxygen concentrations
decrease within the water column in May 12 2011, but slightly recovered from the
strong hypoxic conditions observed in the bottom layer of August 2"¢ 2010 and March
31°% 2011 (Fig. 4.4 D, C, B), indicating vertical mixing and ventilation of the bottom
layer.

The profile taken on August 6 2011 shows the water column of the Bornholm
Basin during the three-layered summer stratification (Fig 4.4 E). Similar to profile A,
B, C and D (Fig. 4.4), pronounced elevated methane concentrations can be observed
within the halocline at 60 m depth (61.5 nM; Fig. 4.4 E). Elevated methane concen-
trations within the bottom layer (290.0 nM) increased compared to May 12" 2011,
but remain lower than values observed in August 2"¢ 2010 (Fig. 4.4 B). Below 74 m
anoxic condition could be observed.

The profile taken on November 23" 2011 shows the erosion of the thermocline,
compared to August 6! 2011, and the deepening of the upper mixed layer to 40 m
depth (Fig. 4.4 F). Concurring to the increasing density gradient below 40 m, oxy-
gen values decrease reaching hypoxic conditions below 76 m depth. The bottom
layer recovered from anoxia compared to August 6 2011, reaching oxygen values of
approximately 0.2 ml L™!, which leads continuing hypoxia. Elevated methane con-
centrations increased significantly in 79 - 84 m depth, compared to profile A - E, with
values reaching up to 178.1 nM. Methane concentrations within the bottom layer
on the contrary decreased compared to August 6 2011, reaching values of 34.1 nM
(Fig. 44 F, E).

The water column at station TF0200 (Bornholm Basin) differs significantly from
station TF0113 (Arkona Basin). The upper water column of the Bornholm Basin
is characterized by low methane concentrations (average 5 nM) down to 40 m depth
throughout the time series (Fig. 4.4). On the contrary, strong changes of the methane
distribution below 45 m depth could be observed. Regarding to the general methane
distribution pattern at TF0200, the water column below 45 m can be divided into an
intermediate methane layer (IML; 45 - 70 m) with generally elevated methane con-

centrations, a deep layer (70 - 85 m) with lower methane values compared to IML and
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a bottom layer with high fluctuations in methane concentrations over time (85 m -
sea floor, Fig. 4.4). Further, a permanent halocline persists reaching from 50 m to
55 m depth during summer and from 55 m to 65 m depth during winter, marking the
location of the IML. During the summer stratification, the halocline and the inter-
mediate old winter water layer inhibit vertical mixing of the water column, leaving
the bottom layer undisturbed. Therefore, the bottom layer is constantly enriched by
methane emitted from the sediment. Additional depletion of oxygen within the water
column due to decomposition of sinking organic material leads to the formation of
anoxia within the bottom layer and the surface sediment. Since methanogens are
strictly anaerobic organisms, the formation of anoxia within the sediment, leads to
significant decline of sulfate concentrations and enhanced methane production rates
within the surface sediment resulting in enhanced emission of methane towards the
water column (Piker et al., 1998). Whether methanogen bacteria enter the anoxic
water column for methanogenesis is not known (Jorgensen and Kasten, 2006; Bange
et al., 2010).

With the deepening of the mixed layer depth at the beginning of autumn, the
halocline deepens and methane-enriched water masses are mixed towards the atmo-
sphere, leading to elevated methane fluxes (as observed in Giilzow et al. acc. for
BGS:D) and to the depletion of methane within the IML during the winter period.
The reason why methane concentrations in the bottom layer decrease during the
winter period, remains unclear. Since the bottom layer of the Bornholm Basin re-
mains undisturbed by wave induced vertical mixing processes, additional processes

and dynamics within the water column influence the deep layer methane distribution.

4.5.2 Dynamics and methane distribution patterns
4.5.2.1 Dynamics within the Arkona Basin

To identify dynamics and processes influencing the methane distribution in the
deeper water layers during summer and winter, several profiling transects were taken
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in the Arkona Basin (AB1, AB2, AB3; Fig. 4.2) and Bornholm Basin (BB1, BB2, BB3;
Fig. 4.2). Additional model-derived data parametrizing the vertical and horizontal
mixing along the Arkona Transect and Bornholm Transect (Fig. 4.2, black solid line)

are consulted.

The transect AB1 crosses an area of gassy sediments (Fig. 4.5) and was taken
between January 28" and 31°¢ 2009. The water column along transect AB1 can be
divided into a homogeneous upper water column and a dense bottom water layer
reaching to 10 m above sea floor. The strong density gradient between the upper
water column and the saline bottom layer is formed at 35 m depth at the center of the
Basin, fanning out towards the southern end of AB1. The methane concentrations
within the upper water column range from 4.1 - 6.9 nM (except station 370260 -
370280; Fig. 4.5). A distinctive methane flare was observed within the bottom layer
at station 370270, 370280 and 370290 (Fig. 4.5 AB1) with methane values between
33.4 nM - 36.7 nM forming a sharp gradient towards the surrounding water body.
Methane concentrations in the bottom water of station 370280 and 370290 reach up
to 44.6 nM and 61.8 nM respectivly. Elevated methane concentrations (up to the
sea surface) were only measured in the southern end of the transect whereas values
towards the center of the basin remain low and almost uniform throughout the water
column (Fig. 4.5 AB1, black numbers). Water temperatures along the transect vary
between 3 and 4° C (data not shown). No oxygen concentrations could be taken along

the transect due to maintenance problems of the oxygen sensor.

The methane distribution along transect AB2, taken between December 2"¢ and
5" 2009 differs significantly from observations at transect AB1 (Fig. 4.5). The profiles
at station 374100 and 374090 were taken outside the mapped gassy sediment area.
The water column chemistry along transect AB2 is strongly influenced by the density
gradient, which forms a wave-like structure between station 374020 and 374030 with
a bulge forming bottom water layer at the same location. Temperature, oxygen and
methane values follow the density gradient at approximately 30 m depth, separating
the water column in a colder (~ 6° C; data not shown) and oxic (~ 7 ml L™!; data

not shown) upper water layer with lower methane concentrations (2.6 - 4.9 nM) than
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Figure 4.5 — Illustration of methane concentrations (colour coded, nM) and density
(white solid lines, kg m~3) along transect AB1, along transect AB2 and along transect
AB3. Station numbers are given above each plot. Black points illustrate the locations
of discrete methane samples together with the measured methane concentrations (black
numers).

observed at AB1 (Fig. 4.5). Oxygen concentrations decrease within the deeper water
column (6.0 - 6.9 ml L™!) but remain oxic throughout the transect (data not shown).
The water column below the density gradient shows temperatures ranging from 8.5 to
9.5° C with several warm water lenses (~ 10.5° C; data not shown). Below the density
gradient, methane concentrations are remarkable patchy with three areas of elevated
values within the water column at station 374090 (14.3 nM), 374070 (16.2 nM) and
374060 (25.9 nM) and rather low methane values in the surrounding water body
(3.7 - 10.8 nM). Patches of elevated methane concentrations coincide with the warm
water lenses and areas with a particular sharp density gradient (e.g. bulge forming
structure at station 374020 and 374060; Fig. 4.5 AB2).

Transect AB3 (Fig. 4.2), taken in August 2010, crosses the entire Arkona Basin,
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showing again a significant change of the methane distribution along the transect.
Methane concentrations in the upper water column of AB3 are low with values ranging
from 2.7 to 7.8 nM, which reach to the bottom layer at station 20 and 21 (Fig. 4.5).
On the contrary, remarkable high methane concentrations with values up to 145.6 nM
were found in the bottom layer of station 13 - 19 (Fig. 4.5), forming a striking flare-
like structure at station 15 and 16. Methane forms a sharp gradient at approximately
35 m in the center of the Basin and a dispersed gradient towards the southern slope
of the basin. Whereas methane concentrations generally follow the density gradient
along the transect AB3, the flare structure passes through all pycnoclines. Methane
concentrations and density values at AB3 reveal a tilted shape within the water
column towards the southern slope of the basin. Maximum methane concentrations
observed at transect AB3 coincide with hypoxic conditions within the bottom layer.
Oxygen concentrations in the water column of AB3 decrease from the surface layer
(~ 7 ml L) towards the bottom layer (3 - 5 ml L™!) reaching hypoxic conditions at
station 17 and 18 (~ 0.9 ml L', data not shown). Similar water column profiles as
shown at station 13 and 14 were taken at four stations approximately 13 nm to the

east (data not shown).

The significant differences between the methane distribution along the transects
AB1, AB2 and AB3 can be explained using model simulations. According to GETM
derived model data, which parameterize the vertical and horizontal mixing along
the Arkona transect (Fig. 4.2), AB1 and AB2 were taken during highly diverging
winter situations. AB1 was taken during a comparable characteristic winter situation,
showing a typical two layered water column structure. A tilted water column structure
can be observed in AB1, concurring with the pycnoline (Fig. 4.5 AB1). Model data
parameterize a general Coriolis induced current flow pattern within the Arkona Basin,
which leads to a tilted structure of the bottom layer towards the southern slope of
the basin, indicating the general pathway of inflowing saline water (Fig. 4.6; Lass
et al., 2005; Burchard et al., 2009; Reissmann et al., 2009). Out-flowing brackish
water was observed, flowing along the upper water column at the northern coastline
of the basin.
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Longitude

Figure 4.6 — GETM model-derived simulation example of the tilted water column
structure in July 2009 along the Arkona Transect (see Fig. 4.2, black solid line for
orientation), using salinity as indicator.

The transect AB2, on the contrary was taken after two small inflow event observed
in 2009. Such events occur several times a year and enter the Baltic Sea typically via
the Oresund and the Drogden Sill (Mohrholz et al., 2006; Burchard et al., 2009). It
can be distinguished between barotropic and baroclinic inflows. Barotropic inflows
are driven by substantial sea level differences between the Kattegat and the southern
Baltic Sea formed by persistent westerly winds during the autumn and winter season
(Burchard et al., 2009). They pass the Arkona Basin and usually underlay the former
bottom layer of the Bornholm Basin (see also Fig. 4.9 C). Baroclinic inflows are driven
by a horizontal density gradient between the Kattegat and the Baltic Sea (Burchard
et al., 2009) and intrude within the intermediate water layer of the Bornholm Basin
(see also Fig. 4.9 B) after its passage through the Arkona Basin.

A saline and warm baroclinic inflow was observed in October 2009, which lead
to an uplift of the tilted pycnocline along the Arkona Transect (data not shown).
After the passing of the inflow front by November 2009, the water column along the
Arkona transect is characterized by almost homogeneous temperatures and density
values until 40 m depth, showing a laminar layered structure with a thin, dense
bottom layer. The second, barotropic inflow was recorded in December 2009 (data
not shown). During the passing of the inflow-front through the Arkona Basin, high
dynamics with changing velocity fields within the water column were observed along
the Arkona Transect, until a 'calmer’ laminar structure develops with the beginning

of January. Both inflow events show maximum velocity values at the southern rim
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of the basin and the strong tilted structure of the water layers. The transect AB2
was taken after the inflow event in December 2009, showing the dynamics within the
water column by means of the wave like structure of the pycnocline and the patchy

distribution in temperature and methane concentrations.

Observations along TF0113 (Fig. 4.3) indicate the general formation of high
amounts of methane in the bottom layer during the summer stratification. Since
comparably low methane concentrations were measured directly after the observed
inflow events, we conclude that large amounts of methane were transported from the

Arkona Basin into the Bornholm Basin during the events.

The transect AB3 was taken during the summer stratification, showing the char-
acteristic three-layered structure of the water column. The tilted pattern of the saline
bottom layer (as described above) could be observed several times during the model
run, confirming the general Coriolis induced current flow along the southern rim of
the basin (Lass et al., 2005; Burchard et al., 2009). Model-derived vertical velocity
field data confirm the distinct separation of the three-layered structure, which move
with different velocities, and at times in different directions, during the summer strat-
ification (data not shown). The separation of the bottom layer support the proposed
enhanced replenishment of methane from the sediment but also the inhibited venti-
lation with oxygenated water masses, leading to the development of areas of hypoxia
along AB3 described above. Additional elevated methane fluxes from the sediment
into the water column during the summer period can be assumed, caused by higher
production rates within the sediment due to higher sediment temperatures (Iversen
and Blackburn, 1981; Abril and Iversen, 2002). The strong density gradient inhibits
the methane transport towards the upper water column, leading to a methane dis-
tribution coinciding with the density distribution. The flare-like structure observed
at station 15 and 16, on the contrary could possibly be caused by bubble mediated
methane transport, which is not hindered by density stratification (Linke et al., 2010;
Schneider von Deimling et al., 2011). A potential periodic seepage site for bubble-
mediated methane transport is known in the Arkona Basin, situated 12 nm to the
south east of station 16 (Fig. 4.2, ZT), and is described in detail in Gilzow et al.
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(acc. for BGS:D). At ZT high amounts of free gas were located in the sediment using
acoustic observation systems, as well as a characteristic depression indicating a pock-
mark structure (Gilzow et al., acc. for BGS:D). A possible explanation might be,
that the flare structure of elevated methane concentrations was caused by a periodic

methane escape at ZT.

4.5.2.2 Dynamics within the Bornholm Transect

Three transects were taken in the Bornholm Basin in December 2009 (BB1, BB2)
and July 2010 (BB3). Methane concentrations along transect BB1 are characterized
by low values in the upper water column and bottom layer and a prominent intermedi-
ate methane layer (IML) of remarkable high values (up to 109.3 nM) between 45 and
70 m depth (Fig. 4.7 A). Elevated methane concentrations coincide with the strong
halocline between 50 and 65 m depth (Fig. 4.7 A). At station 374180 and 374170, a
sharp gradient towards the IML can be observed, concurring with the sharp density
gradient (Fig. 4.7 A). At station 374200 and 374190 on the contrary, the IML seams
to bend towards the sea-floor, showing a slight fanning out, following the halocline
and water temperature distribution (Fig. 4.7 A,B). Water temperatures along BB1
reach from 7° C in the upper water column to 11° C below the halocline, forming
a homogeneous colder upper water body and a warmer bottom layer (Fig. 4.7 B).
Oxygen concentrations within the upper water body range from 5.8 to 7.4 ml L™!
to approximately 50 m depth (Fig. 4.7 B). Oxygen rapidly decreases below 55 m
depth reaching hypoxic conditions to the sediment. At station 374200 and 374190
on the contrary, a thin tongue of oxic bottom water was observed with values up to
4.7 ml L7t

A similar methane, temperature and oxygen distribution was observed along tran-
sect BB2, which crosses transect BB1 orthogonally at station 374190. The transects
BB1 and BB2 illustrate the spatial distribution of the IML within the Bornholm Basin
in December 2009, which reaches methane concentrations of 67.2 nM (Fig. 4.7 a). At
station 374280 a sharp front of dense, oxic (up to 5.0 ml L™!) and methane enriched

124



Chapter IV: Seasonal variation 4.5. Results & Discussion

Station 374200 374190 374180 374170 Station 24 25 23 26 27
(0 distance 40 0 distance [m| 10 15 20 25 40

depth [m]
ol YO

depth [m]
/1wl Co

Figure 4.7 — Illustration A and B show transect BB1, taken in December 2009. II-
lustration C and D show transect BB3, taken in July 2010. A and C show methane
(colour coded, nM) and density (white solid lines, kg m™3). B and D show oxygen
(colour coded, ml L™!) and temperature (white solid lines, ° C).

(up to 93.7 nM) bottom water was observed (Fig. 4.8 A). A thin oxic bottom water

tongue continues along the transect, reaching until station 374270 (Fig. 4.8 B).

The water column along transect BB3 shows the characteristic three-layered sum-
mer stratification structure with a warm surface layer (~ 20° C), a colder intermediate
old winter water layer with temperatures of 4 to 6° C (Fig. 4.7 D), separated by the
thermocline at 25 - 30 m depth. Temperatures within the bottom layer reach 8.5° C.
The methane distribution along transect BB3, taken in August 2010, changed sig-
nificantly compared to BB1 and BB2, taken in December 2009, showing a distinct
bottom layer with methane concentrations up to 813.7 nM (Fig. 4.7 C). Comparable
high methane concentrations are only known from deeper regions of the Baltic Sea
like the Gotland Basin (Schmale et al., 2010b). Similar to transect BB1 and BB2 the
upper water column of BB3 is characterized by low methane concentrations down to
50 m depth. The IML is less prominent along transect BB3 with significantly lower
methane concentrations (~ 21 nM) compared to BB1 and BB2. A spike with values
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up to 50.1 nM (60 m depth) was observed at station 25 and small patches of lower
methane concentrations at station 24 (26.2 nM at 75 m depth) and 27 (26.7 nM at
70 m depth). Oxygen concentrations in the surface layer are slightly lower than in the
intermediate layer, with decreasing values towards the sea-floor. Below 80 m depth,
oxygen values decrease rapidly, reaching hypoxic conditions in the warm bottom layer
with values of 0.4 ml L' (Fig. 4.7 D). High methane concentrations in the bottom

layer along transect BB3 coincide with hypoxia.
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Figure 4.8 — Methane concentrations along a transect BB2 in the Bornholm Basin,
taken in December 2009 (for orientation see Fig. 4.2). A: methane (color coded, nM)
and density (white solid lines, kg m~3); B: oxygen concentrations (color coded, ml L)
and temperature (white solid lines, © C).

Model simulations of vertical and horizontal mixing along the Bornholm Transect
(Fig. 4.2, black solid line) reveal remarkable dynamics within the water body as
well as a two-layered structure during the winter period, and a three-layered water
column during summer. Data show that the strong halocline inhibits mixing of the
water column to the sea floor, leaving the deeper layers unaffected from wind-driven
dynamics throughout the year. During the summer stratification, model simulations
reveal temporally high dynamics at the two interfaces of the colder intermediate water
layer along the transect (Fig. 4.9 A).

Tongues of warmer water reach far into the intermediate water layer and connect
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Figure 4.9 — GETM model-derived simulation examples of different scenarios along
the Bornholm Transect (for orientation see Fig. 4.2, black solid line) like A: temperature
signature showing turbulences at the interface of the intermediate water layer in August
2009; B: temperature signature of a baroclinic inflow event observed in October 2009;
C: Salinity signature of a barotropic inflow event in December 2009.

at times with the upper or bottom layer respectively. Further, internal waves, param-
eterized as described in van der Lee and Umlauf (2011), lead slowly to the warming
of the intermediate water during summer. Especially high dynamics at the interfaces
of the intermediate water layer, could be observed in October 2009 followed by the
entrainment of large amounts of warm water below the halocline (Fig. 4.9 C), indi-
cating the baroclinic inflow from the Arkona Basin. Model data reveal no intrusion of
saline water into the Bornholm Basin, but the expansion of the water layer below the
halocline at 65 m depth. A warm barotropic inflow event in December 2009 on the
contrary transported high saline water into the bottom layer of the Bornholm Basin,
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leading to intensive mixing with the ambient water body below the halocline. Fur-
ther, model simulations show an inflow discharge time from the Arkona Basin into the
Bornholm Basin of less than fourteen days and almost no change in the temperature

or salinity signature.

We hypothize, that both inflow events significantly influenced the methane distri-
bution within the water column of the Bornholm Basin, and that large amounts of
methane were transported during this events from the Arkona Basin into the Born-
holm Basin. Depending on its density signature, baroclinic inflow events (as observed
in October 2009) enable the transport of methane into the Bornholm Basin, forming
the characteristic IML as observed along BB1 and BB2. The entering of the barotropic
inflow into the Bornholm Basin on the contrary, leads to a methane transport into the
bottom layer of the Bornholm Basin. Transect BB2 shows the inflowing bottom water
plume at station 374280 close to the Bornholm channel (Fig. 4.8, Fig. 4.2 and 4.1
for orientation). Elevated density, oxygen and methane values, measured at several
stations along the transect, indicate that the inflowing water masses will underlay
the ambient bottom water. First indications of the plume along transect BB1 can be
observed in the bottom layer at station 374200 and 374190, showing increasing den-
sity values and increasing oxygen concentrations compared to the surrounding water
body (Fig. 4.7 A).

The decrease of methane within the IML between December 2009 and July 2010
can be explained by strong vertical mixing during the winter period and enhanced
exhaustion of methane towards the atmosphere (Gilzow et al., acc. for BGS:D). For
the assumption, that methane concentrations within the oxic water column are con-
stantly depleted via oxidation, results of isotopic sample analyzes need to be awaited.
As already described above, leads the stratification of the water column to the con-
tinuous replenishment of methane from the sediment within the bottom layer. The
formation of anoxia within the bottom layer and the surface sediment leads addition-
ally to enhanced methanogenesis and emission of methane towards the water column

(shown above).
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4.5.2.3 Methane versus Oxygen

The time series at station TF0113 and TF0200 as well as the transects taken in the
Arkona and Bornholm Basin between January 2009 and November 2011 show the pe-
riodic formation of hypoxia during the summer stratification. Anoxic conditions were
observed during summer 2010 and 2011 in the Bornholm Basin. Enhanced methane
concentrations seem to coincide with hypoxic conditions within the Arkona and Born-
holm Basin, but no correlation could be observed. In fact several periods of hypoxia
could be observed in the deep layer of the Bornholm Basin, showing remarkable low
methane concentrations (Fig. 4.4 and 4.7). On the contrary, a correlation between
elevated methane values and anoxic conditions within the Bornholm Basin could be
observed (Fig. 4.10), but only few data are available so far and interpretations need
to be taken with caution. The correlation is described by f(z) = —312.23 x — 68.69

(with x = negO,), showing a correlation factor of R? = 0.82.
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Figure 4.10 — Correlation of HyS displayed as negative Oy with methane concentra-
tions, measured during anoxia at the summer stratification in the bottom layer of the
Bornholm Basin at station TF0200 and TF0213 (Fig. 4.2), showing a correlation factor
of R? = 0.82. The 95 % prediction band (red solid lines) and the 95 % confidence band
(blue solid line) are displayed.

Methanogens are strictly anaerobic bacteria. Subsequently, anoxic conditions
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within the bottom water layer and surface sediment support the consumption of
sulfate as electron acceptor within the upper sediment via sulfate-reducing bacteria.
It can be assumed, that with declining sulfate concentration, the sulfate-methane-
transition-zone (Jorgensen and Kasten, 2006) moves upwards within the sediment
and methanogenic bacteria allow methanogenesis within the surface sediment, result-

ing in enhanced emissions of methane towards the water column.

4.6 Conclusion

Between January 2009 and November 2011, time series of vertical profiles and
several transects were taken within the Arkona and the Bornholm Basin, revealing
recurring seasonal methane distribution patterns in both basins.

The halocline was found to be the main boundary for methane transport from
the sediment towards the surface water. Especially the formation of the three-layered
water column in the Arkona and Bornholm Basin during summer leads to the deple-
tion of oxygen and subsequently to high methane concentrations in the bottom layer,
caused by continuous enrichment by the sediment and inhibited methane transport
towards the upper water column. The surface water on the contrary, is characterized
by continuous exhaustion to the atmosphere, leading to particular low surface water
methane concentrations during summer.

The formation of a flare like methane structure within the water column at transect
AB3 needs to be observed in more detail in the future. The structure indicates bubble-
mediated methane transport from the sediment to the water column. A potential
site for bubble-mediated methane release was shown at the pockmark structure ZT
(Giilzow et al., acc. for BGS:D).

Model simulations showed that dynamics like deepening of the mixing depth,
inflow events, internal waves and turbulence at the interfaces of the intermediate layers
during summer stratification influence the seasonal methane distribution significantly.
Vertical mixing within the water column influences the transport of oxygen into the

bottom layer and the oxidation of methane as well as the transport of methane towards
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the surface layer and enhanced exhaustion towards the atmosphere. Especially inflow
events are assumed to result in the lateral transport of methane from the Arkona
into the Bornholm Basin, leading to the entrainment of methane within the halocline
and the formation of a intermediate methane layer of significantly elevated methane
concentrations.

Anoxic conditions were observed in the Bornholm Basin bottom layer during sum-
mer 2010 and 2011. No correlation between hypoxia and elevated methane concentra-
tions in the water column was found. A correlation between negative oxygen values
and methane concentrations was observed in the Bornholm Basin. The decrease of
methane concentrations in the bottom layer of the Bornholm Basin down to back-
ground concentrations during the winter period remains suspicious, considering the
lack of mixing during the observation period and the missing ventilation of the bot-
tom layer and almost persistent hypoxia. Therefore, the ventilation of the deeper
water layer and bottom layer of the Bornholm Basin, as well as methane oxidation
rates need to be investigated in more detail in the future. Considering that areas of
hypoxic conditions will expand in the Baltic Sea (Conley et al., 2011; Meier et al.,
2011), continuing measurements of the methane distribution will show how long term

changes of oxygen will influence the methane distribution in the future.
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General Conclusions and future perspectives

The presented work investigated the methane distribution in the surface water
and the water column of the Baltic Sea, based on established and new developed
measuring techniques.

The new measuring system allows continuous and autonomous determination of
methane and carbon dioxide in the surface water of aquatic environments and was
applied at the Baltic Sea for the first time. The unrivalled spatial and temporal reso-
lution of the system implies significant improvement especially for the determination
of methane. The system allows the usage of ships of opportunity and thus amplifies
the spatio-temporal range of data acquisition compared to research vessels. It is pos-
sible to observe small changes in surface water methane concentrations, achieving a
new insight in processes and parameters influencing methane values in marine sys-
tems. Further, the system allows the estimation of the spatio-temporal significance
of controlling processes and parameters. Thus, upwelling in the area around Gotland
influences the local surface methane concentrations on a rather short (days) temporal
scale. Similar classified processes of local significance and short temporal impact are
wind events or seepage from the sediment. On the contrary, seasonal changes of the
sea surface temperature, stratification as well as changes of the mixing depth occur
on a longer time scale (weeks, month) and influence the surface water methane con-
centration of significant larger areas of the Baltic Sea. Additional, it was observed
that the impact of processes and parameters varies significantly, depending on the
water depth (shallow or deep) of a region.

The automated system reveals hot spots of extraordinary elevated or changing
methane concentrations in the surface water of the Baltic Sea. For the better un-
derstanding of related dynamics in such key areas, additional surveys of the vertical
methane distribution were made. Thus, elevated methane concentrations in the sur-

face water of the Arkona Basin could be related to pressure induced gas release after
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wind driven sea-level changes. A potential site for bubble mediated methane release
was presented at a pockmark structure in the Arkona Basin, accompanied by a flare
like methane structure within the water column, near to this site.

New insights for the comprehensive discussion of methane concentrations in the
surface water and the water column of the Baltic Sea were given by the consultation of
several additional parameters (e.g. oxygen) and geological (sediment properties) and
mathematical (model-derived results) approaches. Thus, the results of several time
series within the Arkona and the Bornholm Basin, reveal recurring hypoxic (Arkona
Basin) and anoxic (Bornholm Basin) conditions during the summer stratification
and imply a correlation between negative oxygen values and methane concentrations.
Model simulations on the other hand, allow the parametrization of dynamics within
the water column of the Baltic Sea, which influence the methane distribution, like fre-
quent inflow events. Inflow events might lead to the lateral transport of methane from
the Arkona Basin into the Bornholm Basin and to entrainment of methane within
the halocline, forming the characteristic intermediate methane layer of significantly

elevated methane concentrations.

The observation of methane and carbon dioxide in the surface water of the Baltic
Sea will be continued (and extended) within the framework of the Integrated Car-
bon Observation System of Germany (ICOS-D). The integration of the setup within
ICOS-D implies the development of measuring standards like additional monitoring
of atmospheric methane concentrations or the acquisition of other trace gas concen-
trations like carbon monoxide or nitrous oxide. The monitoring of methane (besides
the other trace gases) allows the investigation of long time methane changes (climate
change) or frequently recurring processes (seepage, inflow events), which require long
time series data (several years, decades).

Furthermore, the current set up provides data with unrivaled frequency and pre-
cision but leaves potential for technical improvement (e.g. the time constant for
methane with currently 676 s). First, the Picarro G2301 sensor forms a alterna-

tive competing technology to the Los Gatos sensor used in this thesis, with reported
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similar accuracy, precision, and stability but a considerably smaller inner volume.
Currently, several studies subject the performance of both systems in combination
with surface water measurements. Additional, the improvement of the equilibrator
and the application of equilibrator systems using a permeable membrane is currently
scrutinized. The application of significantly faster, continuous measuring systems ac-
companied by similar data precision for methane (and other trace gases) on mobile
setups vantages its usage on research vessels. Mobile systems allow detailed, sim-
plified investigations of hot spots additional to the monitoring program, compared
to discrete sampling techniques. Exemplary, the influence of drifting ice coverage
on methane fluxes towards the atmosphere in the Gulf of Finland, remains unclear.
Current observations show elevated methane fluxes during the winter period in this
region. Here, specific profiling measurements of the methane distribution in connec-
tion with observations on current flow during ice coverage as well as during drifting

ice conditions are required.
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APPENDIX A

Distribution of methane in the water column of

the Baltic Sea

Citation: Schmale, O., Schneider v. Deimling, J., Gilzow, W., Nausch, G.,
Waniek, J. J. and Rehder, G. (2010): The distribution of methane in the water
column of the Baltic Sea. Geophysical Research Letters, 37, 1.12604.

A.1 Abstract

The distribution of dissolved methane in the water column of the Baltic Sea was
extensively investigated. A strong correlation between the vertical density stratifica-
tion, the distribution of oxygen, hydrogen sulfide, and methane has been identified.
A widespread release of methane from the seafloor is indicated by increasing methane
concentrations with water depth. The deep basins in the central Baltic Sea show the
strongest methane enrichments in stagnant anoxic water bodies (max 1086 nM and
504 nM, respectively), with a pronounced decrease towards the pelagic redoxcline and
slightly elevated surface water concentrations (saturation values of 206 % and 120 %,
respectively). In general the more limnic basins in the northern part of the Baltic
are characterized by lower water column methane concentrations and surface water
saturation values close to the atmospheric equilibrium (between 106 % and 116 %).
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In contrast, the shallow Western Baltic Sea is characterized by high saturation values

up to 746 %.

A.2 Introduction

Methane (CHy) is an important atmospheric trace gas influencing directly or in-
directly the global climate. Compared to carbon dioxide (COz) the global warming
potential (GWP) of methane is about 25 to 40 (Shindell et al., 2009) times higher
on a 100 yr timescale. The atmospheric mole fraction has more than doubled since
the beginning of the industrial era, but has been almost stagnant over the first 5
years of the new millennium. The reason for the observed renewed global increase of
atmospheric methane since 2006 is still under debate.

Though aquatic systems constitute the largest natural source of atmospheric
methane, the role of the marine environment is considered to be small (Bange et al.,
1994). Shelf regions comprise only 7.5 % of the ocean’s surface area, but seem to be
of great importance for oceanic methane emission due to high methane production
rates in the sediment and a fast ventilation of the relatively shallow water column.

The Baltic Sea is a European semi-enclosed marginal sea with an average water
depth of 52 m and is connected to the North Sea and the Atlantic Ocean via the
Skagerrak and Kattegat (insertion in Fig. A.1). Including Belt Sea and Kattegat, the
Baltic Sea covers an area of about 4.2 * 10% km? with a volume of about 22 * 103 km?3.
On the basis of the hydrographic and bathymetric conditions, the Baltic Sea can be
divided into a series of basins separated by submarine sills (see insertion in Fig. A.1 a).
The Baltic Sea represents one of the largest brackish waters of the Earth with strong
lateral variations in the salt content from near marine in the western to near limnic
conditions in the northern part, i.e., the Bothnian Sea and Bothnian Bay. Water
exchange with the open ocean is controlled by episodic inflow events of saline water
from the North Sea. In the southern and central Baltic Sea these events, together
with a positive freshwater balance, drive an estuarine circulation and result in a less

saline surface layer and more saline deep and bottom water masses separated by a
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permanent halocline (Reissmann et al., 2009; Fig A.1 a). Especially in the central
deep basins, this diapycnal feature leads to strong water column stratification, limited
vertical mixing, the development of a prominent redoxcline (oxic to sub- or anoxic
conditions), and the formation of biogeochemical zonations (Nausch et al., 2008). The
resulting periods of deep water stagnation in these basins can only be interrupted by
strong inflow events of saline oxygenated water from the North Sea. Due to the strong
geochemical (e.g. oxygen distribution in different basins) and hydrographical (salt)
gradients, the large geographical extension of the Baltic Sea over different climatic
zones, and the episodic renewal of bottom waters in some of the silled basins, the
Baltic Sea represents an ideal environment to study the effects of various settings
on the aquatic methane cycle. Moreover, a stronger than global effect of global
warming and a strong anthropogenic influence on nutrient supply and organic matter
production (i.e. eutrophication) are likely to affect the production and migration

pathways of methane in the Baltic (http://www.balticgas.net/).

Only a few studies are dealing with the distribution of methane in the water col-
umn of the Baltic Sea (Bange, 2006, and references therein). These investigations
have been conducted on a regional scale (most of them offshore Denmark and Ger-
many) and show that the release of methane from the sediment into the water column
is a widespread phenomenon. Especially in the center of the basins, geochemical pore
water investigations and seismoacoustic studies of the seabed reveal large areas with
high dissolved methane concentrations (Thieflen et al., 2006) and free gas occurring
(Laier and Jensen, 2007) within an organicrich postglacial sediment layer known as
the "Holocene mud’ of the Littorina facies. Biological investigations in the Baltic
Sea could show that the microbial oxidation of methane within the sediment and
water column represents an effective process which restricts the direct transfer of
methane into the surface waters and the atmosphere (Piker et al., 1998; Abril and
Tversen, 2002). Nevertheless, Bange et al. (1994, 1998) could demonstrate that the
surface waters of the Baltic Sea are considerably methane oversaturated with respect
to the atmospheric equilibrium, and that the concentrations show strong seasonal

and regional variations. In the present study we show a comprehensive methane con-
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Figure A.1 — Contour plot of (a) salinity, (b) oxygen and (c¢) methane concentration
along two transects across the Baltic Sea. Hydrogen sulfide was converted into negative
oxygen equivalents. The insertion in figure A.1 a shows the bathymetry of the Baltic
Sea and the location of the main basins (K, Kattegat; BS, Belt Sea; AB, Arkona Basin;
BB, Bornholm Basin; WGB, Western Gotland Basin; EGB, Eastern Gotland Basin;
A, Aland Sea; BOS, Bothnian Sea; BOB, Bothnian Bay; GF, Gulf of Finland). The
extension of the individual basins is also indicated at the top of the salinity section
(figure A.1 a). The course of the two transects (marked with red and green lines) is
displayed in the insertion in figure A.1 b together with selected station names to provide
better orientation. The data obtained from the red (station 3075 to 3041) and green
transect (station 3005 to 3095) are displayed on the left and right side in figure A.1,
with the stations labeled at the top of figure A.1 a. The insertion in figure A.1 ¢ shows
the saturation values of surface water samples (depth interval 0 - 5 meter below sea
surface).
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centration dataset covering the entire Baltic Sea from the sea surface to the deepest

basins.

A.3 Sampling and Methods

Our data were gathered in summer 2008 on the German research vessel Maria
S. Merian (MSM 08/3) between June 18" and July 18". The dataset includes 63
water stations carried out with a rosette water sampler equipped with 24 10-liter
Hydrobios-Freeflow bottles. For continuous CTD profiling a Seabird sbe911+ sys-
tem was attached to the underwater unit. The oxygen distribution was measured
according to Winkler’s method, hydrogen sulfide in the deep waters was analysed
colorimetrically with the methylene blue method (Grasshoff et al., 1999). Dissolved
methane was extracted from the water sample by the use of a vacuum degassing
method and its mole fraction was determined with a gas chromatograph equipped
with a flame ionization detector (Keir et al., 2009). Surface water saturation is given

following the equation

SV[%) = ch £ 100 (A1)
equi

where SV is the saturation value, C,, is the measured concentration in seawater
and Ceqy; the concentration in equilibrium with the atmosphere calculated using an at-
mospheric mole fraction of 1.89 (annual mean 2008, available from NOAA global sam-
pling networks, sampling station: Baltic Sea, BAL, Poland, http://www.esrl.noaa.gov/)
and the solubility coefficient given by Wiesenburg and Guinasso (1979).

The sampling strategy for the MSM 08/3 cruise was to gather a comprehensive
dataset of the entire Baltic Sea (insertion in Fig A.1 b). Sampling stations were pref-
erentially chosen offshore in a quasi-equidistant manner to horizontally and vertically

trace various geochemical parameters from all basins of the Baltic Sea.
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A.4 Results and Discussion

The vertical water column stratification was very stable during the cruise with
a pronounced halocline (Fig A.1 a) and a thermocline within the upper 30 m. The
prevailing wind during the sampling campaign was on average low (mean 7.2 m s~*
+ 3.6 m s7!) leading to a mean Ekman depth of 25 m. Overall, the distribution of
oxygen, hydrogen sulfide and methane is strongly controlled by the vertical density
stratification (dominated by the salt distribution; Fig A.1 a). Below the prominent
halocline oxygen is decreasing with depth, whereas hydrogen sulfide and methane
show enhanced concentrations in the more saline deep and bottom water (Fig A.1 a
and c¢). The conspicuous increase of methane with increasing water depth points to
a widespread release of methane from the sediment into the water column ( Thiefen
et al., 2006; Laier and Jensen, 2007). In this context the main basins in the southern
and central Baltic Sea seem to be of great importance. These stratified basins are
characterized by high transport rates of organic matter (originated from primary
production and onshore erosion) into the deep water where it is partly mineralized and
thus lowers the oxygen concentration in the water (Reissmann et al., 2009). The sub-
or anoxic conditions in the deep water support an efficient burial of organic matter
and thus favor microbial methane production in the sediment. Apart from that, local
input of methane by rivers and submarine groundwater discharge represent additional
sources (Bange et al., 1994). Subsurface production of methane in microenvironments,
like fecal pellets and zooplankton guts or under phosphate limiting conditions (Karl
et al., 2008), is also postulated to take place in the Baltic Sea (Bange et al., 1994)

and may lead to an unknown source term of atmospheric methane.

In the following, the results from the main basins of the Baltic Sea (insertion in
Fig A.1 a) are presented and the spatial distribution of methane is discussed for the
individual regions.
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A.4.1 Kattegat

Shallow gas and gas bubble releasing seep sites were reported to occur in this region
(Dando et al., 1994; Laier and Jensen, 2007). Rapid vertical gas-bubble transport
through the water column can transport a large fraction of methane from the seafloor
into the atmosphere (Schmale et al., 2010a). Though the Kattegat is stratified to a
large extent due to the general circulation pattern, boundary and turbulent mixing
can still transfer dissolved methane upwards as well. Our methane data in Figure
1c show that a plume of dissolved methane spreads unaffected from the pronounced
water column stratification (Fig A.1 a) from the seafloor up to the sea surface. This
results in the highest surface saturation of all regions investigated during this survey,
with values between 197 % (station 3080) and 746 % (station 3075, insertion in Fig
A.1 ¢). This is consistent with high saturation of methane in the Skagerrak and the
eastern part of the North Sea at about 58° N, which have been suggested to originate
from the westward transport of surface waters enriched in methane in the Kattegat

and Skagerrak (Rehder et al., 1998).

A.4.2 Belt Sea

Seismo-acoustic and geochemical investigations in Arhus Bay (Jensen and Ben-
nike, 2009), Eckernférde- (Wever et al., 2006) and Mecklenburg Bay (Laier and
Jensen, 2007) demonstrate that free shallow gas is a frequent phenomenon. The
release of methane gas bubbles and the groundwater discharge of methane-enriched
fluids into the water column are known from some of these regions. Both, the depth of
the free gas zone and the release of sedimentary methane into the water column were
reported to depend on hydrostatic pressure (Wever et al., 2006) and bottom water
temperature ( Thieflen et al., 2006) changes. Moreover, the input of fresh organic mat-
ter in surface sediments affects the microbial methane production rates (Bange et al.,
1998). An additional seasonal factor influencing the methane concentrations in these
regions is given by varying input rates of methane-enriched river water (Bange et al.,

1998). Because of the shallow average water depth in this region the sedimentary
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methane source strength reacts highly sensitive to seasonal or long-term air tempera-
ture changes. In addition, the transport and current regime in this bottleneck between
North Sea and Baltic is highly sensitive to the meteorological conditions, leading to
large variations of the water mass characteristics at individual sites. The sensitivity
of this region to seasonal and meteorological fluctuations is reflected by the highest
variability of surface water methane concentrations reported by Bange et al. (1994)
for the southern Belt Sea (area weighted mean saturation values between 113 % (win-
ter) and 395 % (summer) and maximum values in the southern Belt Sea of 15040 %
during the summertime). The strong source strength of the nearshore shallow regions
is characterized by high methane concentrations up to 6.71 nM (station 3081) and
high saturation values at all surface water samples (saturation values between 171 %

(station 3002) and 246 % (station 3081; Fig A.1 c).

A.4.3 Arkona Sea and Bornholm Sea

Large fractions of the areas of the Arkona- and Bornholm Basin show free shallow
gas within an organicrich Holocene mud (Thieflen et al., 2006). In the central parts
of the Arkona and Bornholm Basins, a distinct plume of elevated methane arises
laterally from the seabed at stations 3003, 3065, 3064, and 3063. Here, a permanent
halocline at 35 40 m water depth separates the surface water from the deep water
(Reissmann et al., 2009). Obviously, the pronounced halocline hampers diapycnal
eddy-diffusive methane transport into the well ventilated upper mixed layer (Fig
A.1 a and ¢). Given the sharp gradient and low concentration in the upper layer, gas
bubble transport as reported for the Skagerrak and Kattegat is unlikely to play an
important role here in regard to vertical methane transport. The Arkona Basin and
Bornholm Basin, silled to both sides, but with more frequent bottom water renewal,
stronger mixing processes, and less pronounced oxygen deficiency than the Gotland
Basins, provide excellent study areas for some aspects of the marine methane cycle.
Over the term of stagnation periods, the water gets less oxygenated due to organic
matter degradation, fresher due to vertical mixing, and presumably successively more
enriched in methane.
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A.4.4 Gotland Sea and Gulf of Finland

Examinations of the methane cycle are rare for the Eastern Gotland Basin (Bange
et al., 1994; Piker et al., 1998), and - to our knowledge - completely lacking for the
Western Gotland Basin. For the Eastern Gotland Basin Piker et al. (1998) could
demonstrate that dissolved methane diffuses from the deep sedimentary strata into
the water column. Hydrographical studies show that the surface water is separated
from the deep stagnant water by a permanent halocline in about 70 - 90 m depth

(Fig. A.1 a; (Reissmann et al., 2009)).

The deep water body of both basins is characterized by the presence of hydrogen
sulfide (Fig A.1 b) and the highest concentrations of methane found in our water
column studies (1086 nM) in the western basin (station 3056) and 504 nM in the
eastern basin (station 3016; Fig A.1 ¢). These methane values are some hundred times
elevated compared with the sea surface concentrations in the Gotland Sea (average
Western Gotland Basin 5 nM and Eastern Gotland Basin 3 nM), which are near
atmospheric equilibrium (average saturation values Western Gotland Basin 206 %
and Eastern Gotland Basin 120 %, insertion in Fig A.1 c¢). Decreasing methane
concentrations within the suboxic part (conc. Oy < 2 ml17!) of the redoxcline (depth
range between 80 and 120 m, e.g. station 3016) indicate microbial oxidation and
thus transport limitation from the deep methane pool as already reported for similar
oceanic settings like the Black Sea (Schmale et al., 2010a). An interesting finding of
our water column study in the Gotland Sea is a distinct methane elevation in about
40 - 100 m water depth in the eastern basin (methane concentrations between 8 and
12 nM; Fig A.1 ¢). The most likely reason for the observed feature is a baroclinic
inflow entering the basin from the southwest and carrying a low methane signature
(see Reissmann et al., 2009 for a hydrographic overview). These inflows take place
during the summer time and carrying a warm and saline hydrographic signature
(indicated in our vertical CTD profiles in the central part of the basin by temperature
anomalies in a depth range between 100 and 120 m water depth, data not shown).

This specific process leads to an entrainment and ventilation of the affected water
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body (Reissmann et al., 2009). In the Western Gotland Basin a comparable feature
could not be detected in our hydrochemical and hydrographical dataset (Fig A.1).
This part of the Baltic Sea is characterized by a very stable chemical and physical
stratification of the water column. However, elevated methane concentrations >8 nM
are observed in the water column up to depth levels of 20 - 30 m in most of the
Western Gotland Basin and the Gulf of Finland. This shallow methane elevation is
also reflected in the surface methane concentrations in these regions (see saturation
values in Fig A.1 ¢). The Gulf of Finland and the Western Gotland Basin appear
elongated and narrow compared to the Eastern Gotland Basin. The larger importance
of boundary wall shear might be the reason for a less confined salt gradient (except for
the very deep part of the Western Gotland Basin), enabling better upward transport
of deep methane-enriched waters. The proximity to the basin flanks allows a fast
isopycnical transport of sedimentary methane into the basin interior, which is also
likely to contribute to the elevated methane concentrations to these shallower depths
levels. Especially high methane values in the Gulf of Finland and easternmost part of
the Western Gotland Deep are again related to the stagnant (salt stratified; Fig A.1 a)
deep water in the depressions (station 3094, 3096, 3098, 3099).

A.4.5 Aland Sea, Bothnian Sea, and Bothnian Bay

The Aland Sea and the large northern basins (Bothnian Sea and Bothnian Bay)
are separated from the Baltic Proper and against each other by shallow sills. To-
gether with a pronounced positive freshwater balance, this results in fresher, not
permanently stratified, and well ventilated water within these basins. Only very few
methane-related studies exist (Hutri and Kotilainen, 2007) for the northern basins.
These studies could identify seafloor structures like pockmarks and mud volcanoes
that are often related to gas or groundwater seepage. However, the present activity
of these structures and the corresponding methane flux remain unknown. Gener-
ally, our methane concentration dataset in the northeastern areas shows increasing
concentrations towards the seafloor (e.g. station 3041, 3087, 3036 and 3035), again
documenting an active emission of methane from the sediments into the water column
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(Fig A.1 ¢).

In the Aland Sea an elevated shallow water methane signal was observed at station
3052, similar to the situation in the Gulf of Finland and Western Gotland Basin. Fur-
ther north, the methane concentration significantly drops in the area of the Bothnian
Sea. Except for locations very deep and close to the seafloor or land (stations 3035,
3036) the methane concentrations over large areas appear homogeneously low with
surface water concentrations close to the atmospheric equilibrium (stations 3031,
3033, 3034, corresponding to saturation values between 106 % (station 3033) and
116 % (station 3034). The noticeable methane pattern in the water column reflects
the sediment characteristics with spatially limited mud accumulations apparently rep-
resenting the main methane source in the other basins. The stations sampled in the
Bothnian Sea and Bothnian bay during the cruise were located away from these mud
areas in regions characterized by hard sediments (Al-Hamdani and Reker, 2007). The
low methane concentrations in the Bothnian Sea extend into the Bothnian Bay until
the very end of the profile. Here, a pronounced methane signal throughout the water

column was observed (station 3041).

A.5 Conclusions and Outlook

The present methane dataset indicates that the sediments release methane into the
water column over large areas of the Baltic Sea. Methane concentrations are highest
in the central deep basins of the Gotland Sea and lowest in the Bothnian Sea and
Bay, despite the higher freshwater fraction in the north. Highest concentrations are
restricted to suboxic to anoxic regions. The surface water represents an atmospheric
source of methane with strong oversaturations in the northwestern and southwestern
regions and decreasing values towards the central and northeastern basins. In the
central basins the path of methane from the deep water towards the sea surface
seems to be controlled by oxidation at the redoxcline and restricted vertical transport
and mixing due to density stratification.

Our dataset presents a comprehensive overview and orientation. Nevertheless, to
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understand the sources and sinks of methane in the Baltic Sea, more detailed studies
are needed. So far, no information of microbial mechanisms mediating the oxidation
of methane at the redoxcline in the water column of the central Baltic is published.
Seasonal studies could be used to evaluate the climatic influence on the methane
source strength (i.e., impact on methane production rates in the sediment and water
column, gas transport mechanisms between sediment and water column like gas bub-
ble seepage, hydrographic changes like deep water ventilation). Future studies should
also address the impact of eutrophication on methane production rates in the sedi-
ment and its influence on the water methane cycle (http://www.balticgas.net/). The
strong salinity and redox gradients, the natural perturbatio-relaxation experiments
resulting from the alteration of deep water renewal and stagnant periods on different
time-scales, and the straightforward understanding of the expected response to global
change in the area make the Baltic Sea a unique environment for process studies ad-
dressing the methane cycle, which could be transferred to other high productivity

and silled estuary settings woldwide.
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