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1 Summary

Main objective during R/V MARIA S. MERIAN cruise MSM57 was to investigate gas hydrate systems and
their dynamics at the continental margin of Svalbard. Gas hydrates have been documented by
geophysical methods and by direct sampling in sediments of the margin. Samples have been retrieved
from Vestnesa Ridge, an elongated sediment drift at the lower part of the continental margin. Along
the crest of Vestnesa Ridge well defined chimney structures within a well-stratified sediment sequence
and distinct pockmarks with active gas seepage were documented previously. Based on seismic 3D
data six MeBo drill holes at three sites were performed inside and outside of the chimney structures
in order to understand the distribution of gas hydrates. MeBo126 drilled a background sequence
outside any influence of seepage down to 62.50 meter below seafloor. MeBo Holes 123, 124 and 125
drilled gas-hydrate-free sediments in the Lunde Pockmark, where no shallow disturbance in seismic
data was observed. MeBo Holes 127, 128 and 138 were drilled at seep sites with high amplitude
reflectors in seismic data. Seismic sections show gas invading from deeper along a faults zone to the
south western part of the pockmark, rising to shallower levels as seabed gets shallower. Active gas
emission was observed by acoustic flares in the water column. The high amplitude reflectors were
drilled down to 23.95 mbsf and a sequence of gas-hydrate rich layers and seep carbonates were
recovered, which seem to be typical for an active seepage environment. In addition, several gravity
cores sampled shallow gas hydrates at Lunde and Lomvi Pockmarks and a series of heat flow
measurements were performed over Vestnesa Ridge.

Drilling during Leg 2 was concentrated mostly at the uppermost part of the continental slope
offshore Prins Karls Forland. Above the gas hydrate stability zone around 400 m water depth various
methane emission sites were detected as acoustic plumes in echosounder recordings. One explanation
interprets the methane emissions from hydrate decomposition due to a potential increase in water
temperature of 1° C during the last 30 years. Such an increase of bottom water from 2° Cto 3° C would
cause a downward movement of the upper boundary of the gas hydrate stability of 38 m. Up to now
no methane hydrates have been sampled in such shallow water depth off Svalbard and the hydrate
melting hypothesis is highly questionable. In order to understand the hydrate dynamics of this depth
interval between 300 — 500 m water depth 12 drill holes were performed at six sites between 340 m
to 445 m water depth.

MeBo137 in 340 m water depth is located east of the gas flare accumulation isobaths and drilled
glacigenic sediments down to 21.60 m. In 391 m three drill holes, MeBo133, 134 and 139, performed
and drilled dropstone-rich diamictons down to 26.15 m. An authigenic carbonate layer was surprisingly
intercalated at approximately 10 mbsf. Three sites were drilled around the upper boundary of the
GHSZ. MeB0129-1 and -2 holes at 404 m water depth drilled up to 25.30 m glacigenic sediments.
MeBo130, 131, 132 sampled sediments down to 20.30 m at 405 m water depth. MeBo140 was drilled
4 km north of the main seismic profile at 402 m water depth. Published seismic profiles have shown
there bright-spot reflections which have been interpreted as gas-charged layers. The drilling could
prove the free gas in 33.40 mbsf and sampled nearly 18 m of sediments. MeBo Holes 135 and 136 in
445 m water depth clearly drilled within the hydrate stability zone, however, methane hydrates have
not been visually observed as it was the case for all drillings at the upper continental margin setting.

Additional to the Mebo drilling activities, 22 gravity cores have been taken, 11 T-lance deployments
and seafloor mapping with PARASOUND and Multibeam EM122 was performed also at Svyatogor Ridge
west of the Knipovich rift valley.
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Fig. 1: Cruise track of R/V MARIA S. MERIAN Cruise MSM57 (29 July — 07 September 2016, Reykjavik —
Longyearbyen - Reykjavik).
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Fig. 2: R/V MARIAS. MERIAN at Zgisgardur Pier in the
harbor of Reykjavik.

Fig. 4: Heat flow lance from GEOMAR during its
deployment during Cruise MSM57.

R/V MARIAS. MERIAN .

-

|

Fig. 5: Degassing of the autoclave core barrel

(MDP) retrieved from MeBo drill site.

Fig. 3: The mobile drilling system MeBo onboard of

2 Participants

Table 1: Scientific crew
Name Leg Discipline Affiliation
Ahrlich, Frauke 1+2 MeBo MARUM
Bergenthal, Markus 2 MeBo MARUM
Bohrmann, Gerhard 1+2 Co-chief scientist FB5
Blinz, Stefan 1 Co-chief scientist CAGE-UIT
DiiRmann, Ralf 1+2 MeBo MARUM
Ferreira, Christian 2 Data handling, hydroacoustics FB5
Freudenthal, Tim 1 MeBo MARUM
Frohlich, Siefke 1 MeBo MARUM
Hamann, Kristin 2 Pore water GEOMAR
Hong, Wei Li 1+2 Pore water CAGE-UIT
Hsu, Chieh Wei (Jeff) 1+2 Sediments, IR imaging FB5
Johnson, Joel 2 Sediments UoNH
Kaszemeik, Kai 2 MeBo MARUM
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Kausche,Arne 2 MeBo MARUM
Klein, Thorsten 1 MeBo MARUM
Lange, Mirko 2 Gas analyses FB5
Lepland, Aivo 1 Sediments CAGE-UIT
Malnati, Janice 1+2 Gas analyses FB5
Meckel, Sebastian 2 MeBo MARUM
Meyer-Schack, Birgit 2 Sediments, core handling MARUM
Noorlander, Kees 2 MeBo MARUM
Panieri, Giuliana 1 Sediments/stratigraphy CAGE-Uit
Pape, Thomas 1 Autoclave sampling, gas analyses FB5
Reuter, Michael 2 MeBo MARUM
Riedel, Michael 1+2 Phys. props./T-Lance GEOMAR
Rosiak, Uwe 1 MeBo MARUM
Schmidt, Christopher 1+2 Pore water GEOMAR
Schmidt, Werner 2 MeBo MARUM
Seiter, Christian 1 MeBo MARUM
Spagnoli, Giovanni 1 MeBo Bauer
Stachowski, Adrian 1 MeBo MARUM
Stange, Nikolas 2 MSCL, sediments FB5
Wallmann, Klaus 2 Pore water GEOMAR
Wintersteller, Paul 1 Hydroacoustics, GIS, IT FB5
Wunsch, David 1 MeBo Corsyde
Yao, Haoyi 1 Pore water CAGE-UIT
MARUM Center for Marine and Environmental Sciences, DFG Research Center and Cluster of
Excellence, University of Bremen, Postfach 330440, 28334 Bremen, Germany
FB5 Department of Geosciences, University of Bremen, Geo Building, Klagenfurter Str.
28359 Bremen, Germany
CAGE-UiT Centre for Arctic Gas Hydrate, Environment and Climate, Naturfagbygget, Dramsveien
201, 9010 Tromsg, Norway
GEOMAR Helmholtz-Zentrum fiir Ozeanforschung Kiel, Disternbrooker Weg20/Wischhofstr. 1-
3, 24105 Kiel/24148 Kiel, Germany
Corsyde Corsyde International GmbH & Co. KG, Reuchlinstr. 10-11, 10553 Berlin, Germany
UoNH University of New Hampshire, Department of Earth Sciences, James Hall, 56 College
Road, Durham, NH 03824, U.S.A.
Bauer BAUER Maschinen GmbH, Bauer-Str. 1, 86529 Schrobenhausen, Germany
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Fig. 6: Scientific crew onboard R/V MARIA S. MERIAN during MSM57 Leg 1.
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Fig. 7: Scientific crew onboard R/V MARIA S. MERIAN during MSM57 Leg 2.
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Shipping Operator:

Table 2: Crew members onboard.

Name

Maal, Bjorn
Stegmaier, Eberhard
Griese, Theo
Janssen, Soeren
Ogrognik, Thomas
Woltemade, David
Genschow, Steffen
Kasten, Stefan
Baumann, Frank
Steffen, Martin
Bauer, Boo
Herrmann, Jens
Maggiulli, Michael
Wiechert, Olaf
Sauer, Jirgen
Bosselmann, Norbert
Peschkes, Peter
Peters, Karsten
Vredenborg, Enno
Papke, Rene

Wolff, Andreas
Dembetzki, Torge
Habel, Bjorn
Bischeck, Olaf
Arndt, Waldemar
Ennenga, Johan
Seidel, Iris

Kluge, Sylvia

Discipline
Master

1%t Officer
1%t Officer
2 Officer
Chief Engineer
2" Engineer
3" Engineer
3 Engineer
Electrician
Electrician
Ships doctor
Electronics
System Operator
Fitter
Motorman
Bosun
Seaman
Seaman
Seaman
Seaman

Seaman
Seaman
Seaman
Seaman
Cook

2" Cook
Stewardess
Stewardess

12, 26789 Leer, Germany

Leg

1+2
1+2
1+2
1+2
1+2
1+2

1+2
1+2
1+2
1+2
1+2
1+2
1+2

1+2
1+2
1+2
1+2
1+2
1+2

Briese Schiffahrts GmbH & Co KG, Abteilung Forschungsschifffahrt, Hafenstr.
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3 Geological Setting of the Investigation Areas
3.1 Svalbard Continental Margin

The Norwegian-Svalbard continental margin is a highly dynamic area showing abundant evidence of
fluid migration in the sediments, submarine mass wasting, normal faulting, hydrocarbon accumulation
and sediment fan developing and gas hydrate formation (Vogt et al. 1999, Vanneste et al. 2005, Hustoft
et al. 2009). This high-latitude gas hydrate accumulation area is dominated by major structural
elements and underlain by young oceanic crust (Fig. 8). The Knipovich Ridge is a slowly and obliquely
spreading northernmost extension of the Mid-Atlantic Ridge system, abutting the West-Svalbard
margin in the Fram Strait (Thiede and Myhre, 1996). The presence of faults and rift escarpments further
north suggest that the Knipovich Ridge is propagating as a buried feature. A series of transform faults
like the Molloy Fracture Zone and short spreading centres, e.g. Molloy Ridge, ultimately connect the
Knipovich Ridge with the Gakkel Ridge. Neotectonic activity is revealed by historical earthquakes and
the earthquake loci are predominantly lined up along the active plate boundary (Vanneste et al. 2005).
Deposited sediments on the western Svalbard margin are either glacigenic debris flows in trough-
mouth fans beyond the shelf break or turbiditic, glaciomarine and hemipelagic sediments, in parts
reworked by contour currents (Vorren et al. 1998). Vestnesa Ridge is a prominent ridge with fine-
grained sediment drape on top, which is pierced by methane expulsions forming pockmarks on top
(Petersen et al. 2010).

AT .

b - = e ey A}
- O ey
. Proff(e slope 2

-6000 -5000 -4000 -3000 -2000 -1000 0 200 500 1000 2000
Fig. 8: Area of planned investigation (box) at the upper continental slope west of Spitsbergen. The location of
seismic profile slope 2 is also shown (bathymetry data are combined from AWI, NOC and IFM-GEOMAR).

The seismic profile slope 2 (Figs. 8 and 9) crosses the ocean-continent transition and shows a
prominent bottom seismic reflection from the upper slope at ca. 700 m water depth towards the
Molloy Fracture Zone in approximately 2200 m water depth. Due to a higher heatflow close to the
oceanic-continent transition the geothermal gradient is increasing towards the Molloy Fracture zone
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which leads to a shallowing of the BSR instead a deepening, which should exist because of the higher
hydrostatic pressure (Fig. 9). The BSR corresponds with a sharp drop in velocity, due to the presence
of free gas in a 30 m thick interval underneath the BSR. The position of the BSR fits well with the base
of the hydrate stability zone (BGHSZ), at the intersection of the methane hydrate phase boundary and
the sub-bottom temperature (Vanneste et al. 2005). In shallower parts of the seismic line to the East
the BSR is not seen (Fig. 9) which is also the case in all shallow seismic lines (Christian Berndt
unpublished data). More recent calculations from seismic experiments predicts hydrate
concentrations of up to 11% of pore space in a zone about 90 m-thick above the BSR, and an effective
medium-based method predicts concentrations of up to 6%, if hydrate forms a connected framework,
or 12%, if hydrate is both pore-filling and framework-forming (Westbrook et al. 2008).
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Fig. 9: Seismic reflection profile slope 2 across the West Svalbard Margin (from Vanneste et al. 2005).

3.1.1 Vestnesa Ridge

The Vestnesa Ridge represents one of the northernmost gas hydrate provinces in the world. It is
located on the western Svalbard margin in the eastern Fram Strait at ~79° N, north of the Knipovich
Ridge (KR) and Molloy transform fault (MTF) (Fig. 10). The Vestnesa Ridge is a 100 km long submarine
sediment drift situated on hot (>115 mW/m2) and relatively young (< 20 Ma) oceanic crust (Engen et
al.,, 2008). The ridge elongates in a SE-NW (eastern segment) to EW (western segment) bending
direction, where the crest of the ridge lies at 1200-1300 m water depth (Biinz et al., 2012; Plaza-
Faverola et al., 2015).

A late Paleocene strike-slip along ancient shear zones marked the transition from a transpressional
to an oblique divergent regime at ~36 Ma between Svalbard and northern Greenland (Engen et al.,
2008). The separation of Svalbard from NE Greenland was initiated by the spreading and strike slip
movements of the Arctic Gakkel Ridge along the W Svalbard shear zone during the Early Eocene. In
addition to being compressive, the W Svalbard orogeny is a transpressive deformation with a dextral
strike slip displacement between Greenland and Svalbard (Harland et al., 1997). In the Early Miocene,

8
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sea floor spreading connected the North Atlantic mid-ocean ridge system (Mohns Ridge — Knipovich
Ridge) with the Arctic Gakkel Ridge, causing the opening of the Fram Strait (Ritzmann and Jokat, 2003).
The Fram Strait represents the final opening of the Atlantic-Arctic gateway, as a part of the non-glacial
uplift and subsidence (Knies et al., 2014). An early shallow water connection existed through the Fram
Strait during the late Oligocene (Jokat et al., 2008).

79°10'

79°00'

78°50'

78°40'

78°30'

Fig. 10: Overview map of the Vestnesa Ridge area on the W-Svalbard margin. The two boxes indicate the
location of high-resolution 3D seismic data.

There are two dominating sets of sediments on the western Svalbard margin; glacigenic debris flows
in through mouth fans beyond the shelf break and turbiditic, glaciomarine and hemipelagic sediments,
which are to some extent reworked by contour currents. During the Neogene, fast flowing ice-streams
discarded thick glacial wedges from the western part of the shelf margin at the mouth of the cross-
shelf troughs, forming delta-like extensions. The wedges are found to consist of stacks of glacial debris
flow (Vorren and Laberg, 1997; Vorren et al., 1998). These large prograding wedges along the margin
of the Atlantic-Arctic gateway region developed at ~2.7 Ma with the intensification of the northern
hemisphere glaciation (Mattingsdal et al., 2013). At the W Barents Sea — Svalbard Margin this event
occurred at a much later time, ~1.5 Ma (Andreassen et al.,, 2007b) when the Yermak Plateau was
severely prone to glacial erosion.

The margins along the eastern flank of the Fram Strait were dominated by contourites during the
late Miocene-Pleistocene (Mattingsdal et al., 2013). ODP sites at the Yermak Plateau showed that a
major increase in sedimentation-rate occurred at ~2.7 Ma, which is attributed to the increase in glacial
erosion at that time. Contour currents along the slope lead erosional sediments from the Barents Sea
and Svalbard shelfs along the slope and deposit them in sediment drifts e.g. the Vestnesa Ridge

9
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(Fohrmann et al., 2001). This sediment drift grows due to bottom-current controlled sediment
dynamics (Eiken and Hinz, 1993). Several hundred meters of sediments are lying in close distance
(40 km) to the 20 Ma young W-Svalbard margin, where the relatively warm and northward directed
W-Spitsbergen current is shaping the morphology of the Vestnesa Ridge.

Eiken and Hinz (1993) established a three-sectioned sub-division of the eastern Vestnesa Ridge
area: YP1, YP2 and YP3. YP1 is the unit at the bottom consisting of syn- and post-rift deposits. YP2 is
mainly characterized by contourites, consisting of wedges thickening and down-lapping towards the
west. Glacio-fluvial erosion during the latest Miocene — early Pliocene, deposited sandy sediments
along the continental margin (Knies et al., 2014). The Plio-Pleistocene glaciations resulted in an
unconformity between YP2 and the overlying YP3 unit. The boundary between the YP2 and YP3 units
is dated to ~2.7 Ma by Knies et al. (2009), and represents the base of glacial deposits. The upper slope
of YP3 mainly consists of glacial sediments in the Kongsfjorden through mouth fan. Howe et al. (2008)
carried out sediment core analysis from the Vestnesa Ridge. The analysis revealed that Holocene
sedimentation is dominated by muddy-silty contourites with abundant IRD (ice-rafted debris). This was
deposited under the persistent flow of the West-Spitsbergen Current. The LGM (last glacial maximum)
was dominated by silty turbidites, resulting from increased sediment supply. The mid-Weichselian
section displayed both turbidites and contourites with abundant IRD. Further, Howe et al. (2008)
calculated sedimentation rates at the Vestnesa Ridge to be 105 cm/kyr during the Mid to Late
Weichselian and a decrease to <10 cm/kyr during the interval between the LGM to the Early Holocene.

Fig. 11: (a) seafloor surface derived of high-resolution 3D seismic data from the eastern segment of the
Vestnesa Ridge showing several pockmarks and highlighting the two most-studied pockmarks named Lomvi
and Lunde. (b) seismic example of a chimney structure which resembles a vertical, focused fluid flow pathway
underlying the pockmarks. (c) perspective view of the seafloor at the eastern segment of the Vestnesa Ridge
showing hydroacoustic flares in the water column indicative of gas seepage. In this sub-figure pockmark 2
corresponds to Lomvi and 3 to Lunde, respectively. (Figures adapted from Smith et al. (2014) and Plaza-
Faverola et al. (2015)).

The presence of a prominent gas-hydrate related BSR was revealed on seismic profiles in several
seismic studies (e.g. Eiken and Hinz, 1993; Posewang and Mienert, 1999; Vanneste et al., 2005), which

10
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indicates that gas hydrates and gas accumulations are common in the area. The BSR covers the whole
of the Vestnesa Ridge, exhibiting a strong impedance contrast between hydrate-bearing and gas-
charged sediments (Petersen et al., 2010; Blinz et al., 2012). Faults are identified on seismic profiles,
stretching from the seafloor and through the BSR and control the ascend of fluids and the distribution
of chimneys on the Vestnesa Ridge (Vanneste et al., 2005; Plaza-Faverola et al., 2015). In this setting
very close to the mid-oceanic ridge the gas hydrate system is strongly influenced by the young and hot
oceanic crust. Geothermal gradients increase gradually from 70 to 115°C/km towards the Molloy
Transform Fault.

Vogt et al. (1994) mapped out a 1-3 km wide and 50 km long belt of pockmarks on the crest of the
Vestnesa Ridge (Figs. 10, 11a). On a cruise in 2008, Hustoft et al. (2009) discovered acoustic flares in
hydro-acoustic data documenting active seepage of gas from one pockmark at the eastern onset of
the Vestnesa Ridge. Subsequent cruises in 2010 and 2012 found that active release of gas at the
Vestnesa Ridge is more widespread than previously assumed (Fig. 11c, Biinz et al., 2012; Smith et al.,
2014), although the actively-seeping pockmarks are confined to the eastern segment of the Vestnesa
Ridge. Acoustic flares extend as shallow as <400 m below the sea surface corresponding to the upper
limit of gas-hydrate stability for gas hydrates with thermogenic gases (Smith et al. 2014). Plaza-
Faverola et al. (2015) suggest that the leakage of gas is tectonically controlled and is facilitated by
numerous faults that extend to great depths beneath the Vestnesa Ridge. They further hypothesize
that seepage has been going on for at least 1.5 Ma. Blnz et al. (2012) suggest that methane is
generated at depths below the Vestnesa Ridge, rising vertically and then migrates along strata and
along the base of gas-hydrate stability until the methane finally accumulates below the crest of the
natural anticline formed by the ridge.

P-Cable 3D seismic data document complex and very heterogeneous, vertical conduits beneath the
pockmarks (Fig. 11b, Petersen et al., 2010; Biinz et al., 2012; Plaza-Faverola et al., 2015). These focused
fluid flow structures, also known as chimneys or pipes, pierce through the overburden sediments often
linking with faults at greater depths and connecting the free-gas zone beneath the BSR with the
seafloor. The high-resolution 3D seismic data show that chimneys resemble contorted structures with
a highly variable internal reflection configuration. However, the chimneys associated with the active
pockmarks are very wide and chaotic features and their acoustic character is different from those
chimney structures at the western end of the Vestnesa Ridge (Petersen et al., 2010). The occurrence
of amplitude anomalies within chimneys has previously been associated with the presence of gas
hydrates and/or free gas, and possibly also carbonates in the upper few tens of meters (Petersen et
al., 2010; Plaza-Faverola et al., 2010), but probably only drilling can resolve this ambiguity. Two of the
most-studied pockmarks on the Vestnesa Ridge are Lomvi and Lunde (Fig. 11a). Gas hydrates have
been recovered by gravity cores from both of these active pockmarks and 83 C records indicate several
leakage episodes during the last 23.5 ka (Panieri et al. 2014; Smith et al. 2014).

3.1.2 Upper Continental Margin West of Spitsbergen

The formation of the western Svalbard continental margin (Fig.8) dates back to Early Eocene resulting
from the continental breakup in the Norwegian Sea followed by several rifting episodes in Late
Paleocene/Early Eocene (Eldholm et al. 1987). The heterogeneous geomorphology of the area is mainly
a result of glacial activity during the Pliocene and Pleistocene transition (Sohlheim et al. 1998, Knies et
al. 2009). During this geological time, the Svalbard-Barents ice-sheet advanced and retreated
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repeatedly reaching the shelf break. The analysis of prograding glacigenic sequences suggests that
major glacier advances at the Svalbard continental margin happened at peak glaciations during the last
3.2 Million years (Chabert et al. 2011; Landvik et al. 1998; Rajan et al. 2012). The actual Svalbard
continental shelf break marks the approximate maximum extent of the ice coverage (Landvik et al.
2005). The shelf was flooded as glacial ice retreated about 13,000 years ago. The sub-sea
geomorphological features have been well characterized and reported by Rajan et al. (2012), Sarkar et
al. (2012) etc. From high resolution bathymetry and seismic studies Sarkar et al. (2012) have reported
plough marks, circular and elliptical crater-like depressions which have been formed by drifting
icebergs. Furthermore the evidence of gas pockets right below a seepage area in form of negative-
polarity bright spots, zones of low velocity and seismic attenuation and scattering have been found
(Sarkar et al. 2012; Ker et al. 2014).

Widespread methane plumes have been observed at the upper continental margin in the water
column between 80 and 415 m water depth (Sahling et al. 2014) revealing a maximum abundance
around the 390/400 m contour line. This accumulation of gas emission sites was interpreted by
Westbrook et al. (2009) to be the result of gas hydrate decomposition due to bottom water warming.
In 2008 a multidisciplinary cruise with the RRS JAMES CLARK ROSS revealed more than 250 active plumes
of gas bubbles emanating from the seabed in water depths shallower than 400 m (Fig. 12). Some of
the plumes extend upward to within 50 m of the sea surface. Upward movements of gas bubbles were
detected from echosounder records with rates of 80-250 mm/s. Repeated visits to the same plumes
showed that they vary in strength over periods of a few days. Water samples from the plume areas
showed increased methane concentrations (Fig. 13). Fissures and holes in the seabed, which are shown
by high-resolution multibeam bathymetry and side-scan sonar images, locally control the positions of

the plumes.
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Fig. 12: Location of survey area west of Svalbard and position of plumes acoustically imaged with the EK60
sonar and part of the record from acoustic survey (from Westbrook et al. 2009).
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Warming of the northward—flowing West Spitsbergen current by 1°C over the last 30 years (Schauer
et al. 2009) is likely to have increased the release of methane from the seabed by reduction of the
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extent of the gas hydrate stability zone, causing the liberation of methane from decomposing gas
hydrates (Westbrook et al. 2009). Although the methane release from gas hydrates due to warming is
not proved up to now, the implication that hydrate dissociation is potentially significant for a large
portion of the Arctic continental slope, because the West-Spitsbergen current feeds into the Arctic
Ocean, would be of global importance (Westbrook et al. 2009).
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Fig. 13: Result from CTD cast 10, which intersects a bubble plume. Methane concentration increases
consistently downwards and shows a strong increase in the lowermost 40 m of the water column. Beneath the
area of the plumes seismic reflection sections show acoustic scattering that is typical of rising trains of gas
bubbles, and down slope, beneath the GHSZ, the presence of free gas is indicated by negative polarity
reflections, bright spots, attenuation of the high frequency content of the signal and velocity pull-down. Very
few plumes occur where the seabed lies within the GHSZ, and, although plumes occur in shallower water on
the shelf, the greatest concentration of them lies just landward of the edge of the GHSZ (left). Schematic
diagram illustrates the downward shift in the GHSZ due temperature increase of bottom water. Where the
GHSZ is removed entirely, all the released gas is free to move to the seabed, guided by local variation in
lithology and structure (from Westbrook et al. 2009).

3.2 Objectives, Background Research Program
3.21 Objectives at Vestnesa Ridge

The overall aim of the was to obtain a better understanding of gas hydrate dynamics and fluid venting
mechanism on the Vestnesa Ridge in relation to the stratigraphic and tectonic development of this
area. In addition, stratigraphic and paleoceanographic analyses will provide more details and improve
our understanding of environmental and climatic changes associated with the glacial-interglacial
changes during the Middle to Late Pleistocene, possibly as far back as the debated timing of the onset
of the full glaciation of the Barents Sea at around 1,1 — 1,5 Ma. Selected drilling sites focused on
pockmarks with active seepage of gas from seafloor sediments and background sedimentation of
Vestnesa Ridge outside seepage sites.
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The individual objectives associated with drilling into these geological systems were:
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To identify the inner structure of chimneys and whether amplitude anomalies on high-
resolution 3D seismic data relate to the presence of gas hydrates, free gas and carbonates.
To identify and quantify the distribution of gas hydrates in shallow sediments and within
focused fluid flow structures, whether they are widely disseminated or concentrated and
whether they are occurring within chimney structures.

To identify the mechanisms for gas migration through focused fluid flow structures, and what
kind of open network and processes can sustain such a flow of fluids.

To determine the geochemical composition of the hydrates and the gas that is seeping from
the seafloor and to determine whether this gas is of biogenic or thermogenic origin in this
relatively warm setting close to the mid-ocean ridge.

To calibrate time-lapse seismic surveys such that we will be able to estimate the amount of
gas that is expelled in this region.

To determine the physical properties of sediments for rock physics and fluid flow models.

To reconstruct palaeocenographic and climate changes over the Middle to Late Pleistocene.
To obtain baseline information on fluid expulsion processes on the Vestnesa Ridge that allow
an optimized design of a planned seafloor observatory to be deployed in this area.
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Fig. 14: Seafloor interpretation derived of the P-Cable 3D seismic data. The data clearly shows several
pockmarks along the crest of the Vestnesa Ridge. The inset shows a seismic example of a chimney structure
beneath the Lunde Pockmark. This high-resolution 3D seismic data forms an ideal basis for the selection of
MeBo drilling locations.

High-resolution P-Cable 3D seismic data (Fig. 10 and 14) constitutes the basis for determining

drilling locations in actively-seeping fluid flow structures (chimneys) and for sites away from fluid

leakage, where such data exists. The P-Cable 3D seismic data used in planning the drilling locations has
been acquired during a CAGE cruise with R/V HELMER HANSSEN in 2013 as part of a multi-year time-lapse
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seismic study of fluid flow through vertical focused fluid flow structures. The 3D seismic data has a
lateral resolution of 6,25 m and a temporal resolution of about 2-3 m. Chimney structures can be
identified as vertical, semicircular zones of chaotic and disturbed seismic reflections (Fig. 14). Many of
the chimney structures are variable in seismic characteristics. However, all of them show significant
amplitude anomalies within the upper 50-100 m of the subsurface, i.e. well within reach of the MeBo
drilling platform. Whether these anomalies are related to free gas, gas hydrates and/or carbonates is
aninteresting question in itself and will clearly help to better understanding how gas-rich fluids migrate
through the subsurface.

3.2.2 Objectives at the Upper Continental Margin West of Svalbard

At the upper continental margin west of Spitzbergen the R/V MARIAS. MERIAN Cruise MSM57 primarily
aimed to collect field data that will allow investigating the active interplay of fluid and gas flow
processes from the sediments to the water column and the gas hydrate dynamics in relation to
seawater temperature changes. There was evidence that an increase in bottom water temperature
has already changed the gas hydrate stability zone and probably many active gas emission sites are
caused by the gas liberation from methane hydrates (Westbrook et al. 2009).
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Fig. 15: Detailed bathymetric map from the area of planned investigation. Black dots show the locations of
detected gas flares during the RRS JAMES CLARK R0ss (NOCS). The MeBo drill sites were planned in the black box
area. Locations of drill sites are shown in Fig. 18.

In this situation it is important to understand how the gas hydrate reservoirs will react to future
increases in the bottom-water temperature, and if future bottom-water warming might trigger the
sudden release of large amounts of methane leading to accelerated climate warming. In a first step
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hydrate dynamics have to be cored by sediment drilling and we therefore requested the use of the
MeBo drilling system which can drill down to 50-60 m sediment depth and can cover the entire gas
hydrate stability zone in such shallow water depths. By drilling several sites defined by gas flare
positions (Fig. 15), the actual temperature field and seismic information we were addressing the
following questions:

e How are hydrates distributed in the glacial and Holocene sediments of the slope in relation to the
gas hydrate stability outcrop zone?

e Where are the hydrates concentrated? Do they occur close to the seabed or close to the base of
the gas hydrate stability zone?

e How is the fabric of the hydrate in ration to the lithology? More massive hydrates? Dessiminated
gas hydrates? Layers of hydrate parallel to stratification, lenses or fracture fillings?

e What is the detailed chemical composition of the hydrates; which gases are bound in the hydrate
structure? Is there a fractionation in the gas composition in between the gas emanating at the
seafloor and the gas in the hydrate structure?

e Beside structure | hydrate are there co-existing other structures (sh I, sh H) which influence the
stability field of gas hydrates?

e s it possible to recognise changes in the hydrate distribution? e.g. by gas hydrate carbonates?
Clathrites?

Besides drilling we were interested to investigate the changes within the thermal regime at the sea
floor. The key parameter that controls the propagation of bottom water temperature changes into the
seafloor is the thermal conductivity of the sediment. Previous in situ thermal conductivity
measurements conducted at five stations on the upper slope of the West Svalbard margin during the
ARK-XXIV/2 cruise of R/V POLARSTERN in 2009 show unusually high thermal conductivity values of
between 1.8 and 2.2 W/m/K (Feseker et al. 2008), which suggests rapid transport of heat from warming
bottom waters into the seafloor. When gas hydrates close to the stability limit are present in the
sediments, the consumption of latent heat during gas hydrate dissociation will delay the temperature
increase. Depending on the rate of bottom water warming, the stabilization of the sediment
temperature by the "gas hydrate thermostat" (Feseker et al., 2008) may lead to an inversion of the
sediment temperature gradient above the dissociating gas hydrates.
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4 Cruise Narrative
(G. Bohrmann)

Research vessel MARIA S. MERIAN sailed on Friday, 29 July 2016 at 1 p. m. local time from bunker pier
of Icelandic port Reykjavik for a transit of four days to our research area at the western continental
slope of Spitsbergen. Before, R/V MARIA S. MERIAN berthed at Z&gisgardur Pier for an exchange of
scientific crew and equipment of the cruises MSM56 and 57. For MSM57 the MARUM seafloor drill rig
MeBo70 and many additional, mostly geological sampling devices were taken on board. In total eight
20’ containers were discharged in addition to one 40’ container by boatswain and crew. Especially the
complex installation of MeBo70 prolonged the berthing time to four, instead of the usual three days.

Interestingly, MARIA S. MERIAN was not the only research vessel in the Icelandic port. On arrival of
MERIAN, the British research vessel RRS DISCOVERY moored vis-a-vis at the same pier. After she sailed
for oceanic measurements in Labrador Sea, the berth was taken by the Spanish research vessel
SARMIENTO DE GAMBOA. On Tuesday, the new research vessel of Woods Hole Oceanographic Institution
(WHOI), R/V NEIL ARMSTRONG, joined us in the same port basin, and finally, on Saturday, when we left
our pier for bunkering, R/V PoseiDON of Helmholtz Centre for Ocean Research GEOMAR Kiel came to
Reykjavik. Certainly, such a crowd of research vessels is quite rare and shows that the northernmost
capital in Europe is an ideal starting port for research cruises to the North Atlantic.

Having left Reykjavik, MARIA S. MERIAN steamed along Iceland’s west side, under coast protection,
northwards across the Denmark Strait during Saturday, 30 July, crossed the active rift zone of
Kolbeinsey Ridge and arrived on Sunday, 31 July at the Iceland Plateau, where we started to record
data from the hydro-acoustic systems PARASOUND and the Multi-beam EM122 (Fig. 1). In principle
the wind conditions with a force of just 5 to 6 on Beaufort scale were manageable; however, a
groundswell existed constantly. During the first two days of transit we changed the time of the day for
2 hours from Iceland time to the time in Longyearbyen which is 2 hours ahead of UTC time. The vessel
followed the direction of the Kolbeinsey Ridge to the north and crossed the Jan Mayen Fracture Zone
west of the island Jan Mayen. The vessel steamed on Monday, 1 August through the Greenland Sea
and crossed the Greenland Fracture on Tuesday, 2 August which is a remarkable elongated feature
elevated from 3,900 up to 1,700 m water depth for a short distance along the track of the transect to
the Boreas Basin (Fig. 1). We crossed the Molloy Transform Fault, which actively separates the
Knipovich Ridge from the Molloy Ridge Area.

After we reached Vestnesa Ridge (Fig. 16), our target area for the first leg on Tuesday we started at
16:25 with a gravity corer at the potential MeBo drill site to recover a 577 cm sediment core (GC-1) of
hemipelagic mud away from the pockmarks and gas chimneys in the seabed (Fig. 17). The temperature
lance was afterwards launched together with the SVP slightly north of the ridge crest into the water
column to calibrate the system and to measure a sound velocity profile of the area. Both were
successful and a T-lance profile with 8 individual T-lance deployments were taken from stations in and
around Lomvi and Lunde Pockmarks. On Wednesday, 3 August at 04:15 MeBo (MeBo123), the seafloor
drill rig, was deployed for the first time during the cruise within the Lunde Pockmark at a location of
relative flat seafloor (Fig. 17). The site was selected based on the 3D seismic data taken by P-cable
measurements from University of Tromsg in 2007. In principle we tried to avoid large amplitude
anomalies, which may represent free gas or gas hydrate/ free gas alternations close to the surface.
Such features were expected in around 50 mbsf and have been observed at other locations of the
pockmarks close to the seafloor. Unfortunately, MeBo stopped drilling after 3 hours due to technical
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problems. Instead of MeBo drilling activities we took 2 gravity cores, one at the MeBo station to
recover the uppermost meters of sediment which are difficult to sample by MeBo drilling. We
recovered a 7.65 m-long core showing the uppermost sediment sequence in a very good quality. The
second gravity core GC-3 sampled the sediment sequence again at the background station away from
the pockmarks (Fig. 17). The following four-hour mapping activity covered the entire elongated 3D-
seismic box of UiT whereas the profiles extended the NW and the SE rim of the box.
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Fig. 16: Bathymetry of the Eastern Fram Strait with track lines of the Cruise MSM57. Three areas of research
are indicated: 1 = Vestnesa Ridge (for details see Fig. 17), 2 = Upper continental margin of Prins Karls Forland
(for details see Fig. 18), 3 = Svyatogor Ridge (for details see Fig. 19).

The presence of acoustic anomalies in the water column was recorded and the analysis of the data
showed us the distribution of gas emission sites in relation to the pockmarks. A second T-lance profiling
with eight individual stations on Vestnesa Ridge followed until the morning of Thursday, 4 August
when MeBo (MeBo124) was launched at the same position in the Lunde Pockmark as before (Fig. 17).
Due to the break of the hook for catching the core barrel, drilling had to stop and we had to recover
the drill rig from the seafloor. Instead we took two gravity cores in the Lunde Pockmark to sample
hydrates. For locations we were guided by the micro-bathymetry map recently taken by the UiT and
we could define the sampled sites by very small-scaled morphological features. Gravity core GC-4
sampled 535 cm of the hemipelagic sediments and gravity core GC-5 recovered a 60 cm sequence with
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gas hydrates. After the MeBo hook was repaired the seafloor drill rig (MeBo125) was deployed at the
same position in the Lunde Pockmark as the two drilling attempts before (Fig. 17).
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Fig. 17: Locations of seafloor sampling by MeBo drillings and gravity corer (GC) on Vestnesa Ridge during
MARIA S. MERIAN Cruise 57. Besides sampling at Lunde and Lomvi Pockmarks a background station was
selected by MeB0126 and GC-3 stations.

MeBo drilled over night until 06:00 on Friday, 5 August and drilling had to be stopped because a
core barrel was cramped in the drill rod and it was not possible to pull it out with the wire-line system.
The system drilled down to 22.90 mbsf and recovered 906 cm of core material. Several sediment
intervals with chemosynthetic clam-remains were the highlight of the cores. Those clams live in
symbiosis with microbes at the seafloor and were bound with gas seeps. So far those or similar chemo-
synthetically living mussels had not been found at Vestnesa Ridge on the seafloor, and it is very
interesting to know that this was different in the past. Perhaps these clams had lived in times of
stronger methane emission? One clam shell layer so far was known from gravity cores, but now we
know that there are several layers and that the methane release probably has varied several times.
The chance, that MeBo had be rigged for the next drill site, was taken for ten more T-lance
measurements predominantly within the Lunde Pockmark. A further gravity core (GC-6) sampled
hydrate in a small pit of 30 m in diameter in the Lunde Pockmark (Fig. 17), before MeBo was deployed
at the background station where we wanted to core the sediment sequence as deep as possible.
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The position for drilling (MeBo0126) was selected clearly away from the gas chimneys and a distinct
fault in the deeper sediment sequence imaged by the 3D seismic data of UiT. Drilling was performed
from Friday afternoon during Saturday, 6 August until Sunday, 7 August late morning. The drilling was
the deepest one up to now during this cruise with a total penetration of 62.50 m and cored 26.42 m
sediments (Fig. 17). First macroscopic investigations on the sediment cores showed that alternating
layers of silty-sandy horizons with very clean, cohesive clay layers occur that could be a seal for fluid
and gas emissions. A real highlight of this coring was the measured distribution of formation gases.
The relation of methane to higher hydrocarbons as ethane, propane, butane, etc. is increasing
continuously and should mainly be of thermogenic origin, whereas towards a lower sediment depth
the part of biogenic methane continuously increases. The particular, steep gradient could be explained
by the extremely bad routing because of the sealing clay. After drilling we deployed the temperature
lance (TLO5-1) to measure a 4.5 m temperature profile just at the same position as the MeBo drill site.
Further 5 temperature lance measurements were taken within or outside pockmarks (TLO6-1 to -5)
and MeBo (MeBo127) started to drill a new site at Lunde Pockmark where high amplitude reflectors
are seen close to the surface (Fig. 17). Drilling had to change from push coring to rotary coring around
5.75 mbsf where massive carbonates have been sampled. Due to technical problems the drilling had
to be stopped much earlier at a drilling depth of 13.90 m. The deepest core was the autoclave tool
core barrel (MDP) developed within the collaborative project SUGAR. The MDP was deployed three
times during the drilling on Vestnesa Ridge. In all cases the formation pressure was kept by the tool
that allowed a selective degassing and quantification of the gas amount in the formation.
Unfortunately, one of the autoclave tools did not sample sediment; however, the other two autoclave
deployments were more successful. MeBo127 had a total length of 3.52 m. Besides an autoclave core
barrel (MDP) the borehole assembly was plugged at the end with a MeBoCORK (Circulation Obviation
Retrofit Kit). Such CORKs have been developed by the scientific community within the international
drilling program (ODP/IODP), and were installed inside submarine boreholes allowing to monitor in-
situ pressure and temperature conditions. The CORK we used is equipped with a physical sensor
package to measure temperature, pressure, and salinity. The MeBoCORK separates the inner borehole
from the overlying ocean by using a plug to seal the drill pipe. The system is self-contained and includes
data logger, batteries, thermistors and a differential pressure sensor. Data are planned to be recovered
in 2018 during an ROV dive.

After the drilling activity on Monday, 8 August we took a gravity core (GC-7) at Lomvi Pockmark
(Fig. 17) in the northeast pit and sampled gas hydrate. Unfortunately, the core barrel was bent and we
had to take a second core at the same position. T-lance profiling (TL-7) was then performed during
night inside and outside of Lomvi Pockmark. We recovered 16 temperature profiles until the morning
of Tuesday, 9 August. A gravity core (GC-8) was taken in a small crater observed in the micro-
bathymetry map and recovered gas hydrate as well at the base of the core (Fig. 17). A second gravity
core (GC-9) was taken at the T-lance station TLO2-5, where anomalies in conductivity have been found
and comparisons with the lithology are planned. On Tuesday, 9 August the wind speed increased
during late afternoon and the weather forecast predicted a sea state of Beaufort 7. We therefore
decided to leave the area of Vestnesa Ridge and moved to the west to map the northern part of the
Molloy Ridge area (Fig. 16). Although this area is only 60 nm away from Vestnesa Ridge, the weather
was much better, due to extended ice fields. We performed east-west profiles which were cropped at
its western ends, because of ice fields that slowed down our sailing speed. We reached the ice front
around two degree of longitude east. We crossed through the sheet of floating ice and very much
enjoyed the change in scenery.
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Fig 18: Location of the upper continental margin offshore Prins Karls Forland with gravity cores and MeBo
drill sites performed during MARIA S. MERIAN Cruise 57. Red dots show the locations of gas seeps (Sahling et
al. 2014).

Wednesday afternoon 10 August, we moved back to Vestnesa Ridge, where the weather had
calmed down as well and we were able to continue with MeBo drilling (MeBo128) at the seep site of
Lunde Pockmark (Fig. 17). The drill hole was at the same spot as MeBo127 and should expand the
knowledge on lithology with depth. Unfortunately, due to technical problems the drilling had to be
stopped at 10.75 mbsf. An extensive profiling of the T-lance at 16 stations (TLO8) followed northwest
of the Lunde Pockmark and covered at least two more pockmarks that showed no activity by gas
venting. Higher heat flux values were determined inside the pockmarks, and it appears that the higher
heat flow values are not correlated to the gas-emission activity of the pockmarks. The T-lance program
was finished on Thursday morning, 11 August, and we took two gravity cores in small pits at Lomvi
Pockmark (Fig. 17). Both cores (GC-11 and GC-12) sampled only a short sequence of sediments with
distinct gas hydrate layers, which most probably stopped deeper penetration of the corer. During the
last station of Leg 1 we deployed a sonar at the seafloor, close to the CORK position. The sonar will
scan the water column and gas emissions during regular time intervals and will become recovered by
ROV during a future expedition at the same time, when the data of the MeBoCORK will be downloaded.
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Fig. 19: Part of the crest of Svyatogor
Ridge. Black dots show measurement
locations of heat flow using the
temperature lance. Three gravity
cores (GC-18, -20, -21) were taken
during Leg 2 of MARIA'S. MERIAN Cruise
57.
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On Thursday, R/V MARIA S. MERIAN started steaming to Longyearbyen. During the transit we
performed seafloor mapping across Vestnesa Ridge and the continental slope, west of Svalbard (Fig.
16). During the night we reached the Isfjord, and berthed in the morning of Friday, 12 August at the
coal mine pier of Longyearbyen directly at the airport. 14 scientists and 4 crew members were
exchanged prior to Leg 2 of this cruise. Despite the rainy weather, many of us enjoyed the time to walk
on land. R/V MARIA S. MERIAN left the coal mine pier on Saturday morning, 13 August during sunny
weather and continued mapping for the rest of the day and the night. After the crew-change in
Longyearbyen we started our research studies at the western continental slope off Svalbard. Due to
rough sea state we shifted the beginning of MeBo drilling (MeB0129-1) to the evening (Fig. 18). The
location of the drill site in 405 m water depth was selected to drill into the glacigenic sediments at the
slope of Spitzbergen and to penetrate a strong high amplitude reflector in 34-38 mbsf. The MeBo did
two drill sites during the same deployment (MeB0129-1 and 129-2) which lasted from Sunday evening
to Tuesday moring, 16 August 2016. The first drill hole sampled sediments down to 12.39 m and the
second hole recovered sediments down to 22.98 mbsf. We have realized after numerous attempts,
that even MeBo has a hard time penetrating these sediment packages, mostly made up of boulder
clay, which is a mix of fine grained mud with a variety of clasts and dropstones. After the MeBo was
back on board we took a sound velocity profile (SVP-1) for calibration of the multi-beam.

Yet, the overall low wind speed and small sea state enabled us to conduct all station work safely.
Only Tuesday, 16 August, sea state was too high to deploy MeBo, so we started an alternate science
program to study the nearby Svyatogor Ridge, located west of the well-known Knipovich Rift (Fig. 16).
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Svyatogor Ridge is a sediment drift complex formerly connected to Vestnesa Ridge. Due to lateral
motion along the Molloy Transform Fault, both these ridges were separated from each other during
the past 2 million years. The mapping program showed that the crest of Svyatogor Ridge is
characterized by numerous pockmarks, similar to Vestnesa Ridge. Using the heat-probe we conducted
temperature measurements at 16 stations overnight along three short transects across the ridge crest
(Fig. 19). These measurements showed that the pockmarks are characterized by much higher heat flow
compared to the regions outside these structures. Although we did not find any gas flares using the
vessels’ acoustic imaging tools, the increased heat flow is an indication of advection of warmer fluids
from depths. Back at the shallow continental margin offshore Prins Karls Forland we took gravity core
GC-13 during Wednesday, 17 August and started drilling a MeBo Site 130 close to MeB0129 at 405 m
water depth (Fig. 18). Due to technical problems, we had to stop drilling at the early morning of
Thursday, 18 August, and we took gravity core GC-14 at the same location. Afterwards, we started a
new drilling attempt at the same position, which we had to stop 5 hours later because of a hydraulic
leakage. The following drilling at the position in 405 m water depth (MeBo131) started at 08:00 on
Friday morning 19 August and reached a drilling depth of 20.30 mbsf. MeBo drill Sites 133 and 134
continued drilling until Sunday, 21 August at the shallowest area at 340 m beyond the accumulation
of recent gas seeps. Overnight mapping of the seafloor brought us back to the deepest drill site at 445
m water depth on Monday morning, 22 August. Between MeBo drilling sites 135 and 136 (Fig. 18)
until Wednesday morning, 24 August mapping and gravity core GC-17 defined the station program.

After a short mapping survey, MeBo was again deployed Wednesday evening to start a new drill
site in 340 m water depth (MeBo0137), well outside the methane hydrate stability zone (Fig. 18). Drilling
lasted until Thursday morning 25 August reaching a depth of 22 m. The cores revealed an interesting
sequence of glacial deposits. Pore water and gas-compositions measured from this site outside the
hydrate stability zone are an important constraint to better understand our previous results and
establish a regional picture of the potential hydrate occurrences along the margin. An additional
gravity core (GC-17) was taken at the same location, with a recovery of only 1 m, but allowing careful
sub-sampling of the sediments closest to the seafloor. Due to changing weather condition further
drilling became too challenging, and we left the shallow water margin sites to start a mapping program
across the Knipovich Rift further to the South (Fig. 16). Weather conditions had turned drastically
throughout the day.

While previously winds have been mostly from South to Southwest, we now faced strong northerly
winds. Air temperatures dropped suddenly by 6° C to near the freezing point, accompanied by a snow
storm. Initially, with the winds in our back, the mapping proceeded well despite the decrease in overall
weather conditions. However, at the southern end of the profile and after a change in course of the
MARIAS. MERIAN to a more northerly direction, the conditions worsened. With wind speed up to 22 m/s
(Beaufort scale 9), however, the vessel became steadily slower, as swell increased considerably.
Despite the storm over night, data quality was quite well and soon scientists began to investigate the
multibeam data more closely. Due to the bad weather conditions, we started our sampling program
on Svyatogor Ridge on Friday 26 August (Fig. 19). We first deployed the temperature lance along the
northern portion of the ridge to investigate a series of pockmarks. A total of 13 stations (TL10) were
completed. A gravity core (GC-18) was then taken within a pockmark that had shown the highest heat-
flow value above the regional background trend (Fig. 19). After an additional short mapping survey,
we reached Vestnesa Ridge and started drill site 138 at the seep site within Lunde Pockmark (Fig. 17)

23



R/V MARIA S. MERIAN Cruise Report MSM57 Cruise Narrative

in 1,200 m of water depth on Saturday 27 August. At this drill site we reached a total depth of nearly
24 m yielding a sediment sequence rich in methane hydrates and carbonate precipitates.

Seafloor mapping to the west brought us to the Molloy Deep on Sunday, 28 August, where sea ice
coverage hindered us to map the westernmost part of the nodal deep (Fig. 16). Steaming back to
Vestnesa Ridge to the East we took a gas hydrate-rich core (GC-19) at a seep site of Lunde Pockmark
(Fig. 16) on Monday morning 29 August. Gas hydrate specimen were stored in liquid nitrogen and will
be used for structural analysis in laboratories at home. At the same day we reached the upper margin
offshore Prins Karls Forland and drilled a third drill hole at 391 m water depth (Fig. 18). This drilling
was finished at the evening of Tuesday, 30 August at 26.15 mbsf. The over-night mapping brought us
to Svyatogor Ridge, where we took two gravity cores (GC-20 and GC-21) and a T-lance profile (TL11) of
nine stations (Fig. 19) on Wednesday, 31 August. During the following Thursday, 1 September we
started to drill another site just below the methane hydrate stability zone in 402 m water depth and 4
km to the north of our main seismic profile. We were guided by a high-frequency seismic profile
acquired by our French colleagues with the SYSIF deep-towed seismic tool. A bright spot reflection in
around 30 mbsf, which was interpreted as gas-charged layer was one of the targets. We drilled down
to 31.30m until Friday morning, 2 September and could confirm the presence of free gas in this
horizon. Gravity corer GC22 followed afterwards and was the last station work performed during this
cruise. Seafloor mapping for more than 26 hours was used to fill some gaps in the bathymetry maps
and to extend the Knipovich Ridge data to the western rim of the rift valley (Fig. 16).
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5 Hydroacoustic Mapping

(P. Wintersteller, Ch. Ferreira, M. Riedel, N. Stange)
5.1 Multibeam Echosounder (MBES)
5.1.1 Acquisition Devices and Settings

MBES surveys were conducted with the hull-mounted KONGSBERG EM122 MBES (KONGSBERG EM122,
2013). Only the shallow area west of Prins Karls Forland has been mapped in parallel with the shallow-
water-MBES EM1002 (KONGSBERG EM1002, 2016), which is temporarily mounted in the moon-pool
of the vessel.

The EM122 MBES is a well-known deep-sea system operating with 11.25 to 12.5 kHz. On-board R/V
MARIA S. MERIAN, a beam width configuration of 2° (TX) by 2° (RX) is installed. A swath angle of up to
150 degrees and a maximum coverage of 5.5 times the water depth can be reached. During cruise
MSM57, the maximum swath width was set to 120 degrees to improve data quality, reduce the amount
of noisy data at the outer beams, and increase the ping rate.

The EM1002 MBES is a shallow to medium water system, operating with 95 kHz and a 2° beam
width. Although it has just 111 beams, the specialty of this echosounder is its transducer array. It has
a semicircular design and is used to both, transmit and receive and can provide very good
measurement accuracy with precise phase and amplitude detection.

Sound velocity profiles (SVPs) were measured with XSV or AML-probe (see. Chapter 5.4) and applied
to the raw data during acquisition via the SIS software from KONGSBERG.

The storage-intensive water column data have only be recorded if particular requested with respect
to flare search during this cruise.

The settings used for both echosounders are shown in Table 3 and Table 4 below.

Table 3: EM122 Settings.

Runtime Parameters EM122 Setting Reason

Swath Width 120° Beyond 120° the outer beam quality is below
our specs. Ping rate is higher the narrower
the swath width.

Beam Spacing HD EQST (high density | 432 soundings per ping, equidistant over the
equidistant mode) swath are achieved then
Ping Mode Shallow or Medium For flare-search surveys
AUTO For bathymetric surveys
Dual Swath Mode ON/AUTO To increase the along track resolution
Pitch/Yaw stabilization ON Improvement of data quality

Table 4: EM1002 Settings.

Runtime Parameters EM1002 | Setting Reason

Swath Width 120° Beyond 120° the outer beam quality is below
our specs. Ping rate is higher the narrower
the swath width.

Beam Spacing EQST (equidistant mode) 111 beams per ping, equidistant over the
swath are acquired

Ping Mode AUTO For bathymetric surveys

Dual Swath Mode OFF Not implemented

Pitch/Yaw stabilization ON Improvement of data quality
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5.1.2 Processing Methods

While the EM1002-dataset has only been acquired but not processed during the cruise, EM122
bathymetry data were processed with the open source software package MB-System (vers. 5.5.2279;
see Caress and Chayes, 1995). The following steps were carried out to the EM122 bathymetry-surveys:

e Converting the data to editable MB-format.

e Applying correct SVP if available.

e Applying tide correction based on the Tidal Prediction Software (OTPS; Oregon State
University); integrated in MB-System (mbotps). Tides around Svalbard are part of the
semidiurnal cycle around the main amphidromic point located in the central Arctic Ocean. The
change in amplitude (max. up to 50 cm) and phase is due to Svalbard location between deep
Arctic Ocean and shallow Barents Sea (Kowalik et al., 2015).

e Manual editing of the dataset.

e Correcting amplitude (aka backscatter) and sidescan (beam time series) values based on a
function of grazing angle with respect to the seafloor (slope).

e Applying the changes to the raw files, creating processed files, grid the data by using netCDF
(GMT) file format.

Data File MSMS57_AllSurveys_20m_bathy_C22_20160905_5100m.grd
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Fig. 20: EM122 bathymetric map of MSM57 (Leg 1 and 2) using a 20 meters grid cell size (smoothed to 100 m).

The generated bathymetry maps are presented in Chapter 5.1.3. ESRI ArcGIS vers. 10.3.1 was used
to create maps and a sustainable spatial data management of the data obtained during the cruise. First
detailed processing revealed sound velocity issues especially visible on Svalbard’s continental slope
(see Fig. 20).
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5.1.3 Preliminary Results

In total about 8.2 Mill. beams were recorded during MSM57-2 with EM1002, within 165 survey-hours,
a length of 496 km and an average speed of 1.6 knots. The data has not been processed yet. On a first
glance the data seem to have lever arm or offset issues.

During MSM57 Leg 1 and 2 7,034 km and 861 hours of EM122 surveys were conducted, leading to
an average speed of 4.4 knots.

The results of Leg 1 and 2 combined are presented in Fig. 20 showing bathymetry, and in Fig. 21 for
the amplitude (backscatter). The latter shows a wrong scale-bar due to a number of amplitude-outliers.
While sea-ice conditions impeded a complete mapping of the Molloy Ridge and Deep, the Molloy
Transform Fault as well as the northern part of the Knipovich Ridge and the crests of Vestnesa and
Svyatogor Ridge could be well mapped. The latter two show a number of pockmarks where coring and
sampling were focused during this cruise. Both, bathymetry and backscatter reveal apparently fresh,
uncovered volcanic areas, south of 78° latitude within the Knipovich Ridge (Fig. 20). This will be further
investigated in the future.

Data File MSMS7_AllSurveys_20m_amp_C22_20160905.grd
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Fig. 21: Amplitude map of MSM57 (Leg 1 and 2) using 20 a meters’ resolution. Bright values show a strong
backscatter amplitude.
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5.2 Sub-Bottom Profiler
5.2.1 Acquisition Device and Settings

The hull-mounted ATLAS PARASOUND P70 is a deep-sea parametric sub-bottom profiler (SBP) which
utilizes the parametric effect based on non-linear relation of pressure and density during sonar
propagation. Two high intensity waves with frequencies of ~18-20 kHz (a.k.a. primary high frequency,
PHF) and a 22-24 kHz wave were used to create a so-called secondary high (about 40-42 kHz) and a
secondary low frequency (SLF) of about 4 kHz. While the SLF is used for the sub-bottom profiling, the
PHF signal can be recorded synchronously to image potential gas bubbles, plankton, fishes or
nepheloid layers in the water column. The opening angle of the transducer array is 4 by 5, which
corresponds to a footprint size of about 7% of the water depth. The data acquisition was performed
with the real-time values of SSV measured close to the Tx/Rx-array (System C-Keel) and a static SVP of
1500 m/s (C-Mean). The program ATLAS PARASTORE is used for storing and displaying echograms,
while the program ATLAS Hydromap Control (AHC) allows proper hydroacoustic settings during
acquisition (shown in Appendix 5). During PARASOUND operations, data of the entire water column
and sub-bottom are recorded and stored as vendor-specified *.asd files. The obtained data can be
replayed in ATLAS PARASTORE software. Along with this raw files so-called *.ps3 and auxiliary data
files were recorded for a certain given depth window.

5.2.2 Processing Methods

The above mentioned ps3-file format is used to further process and convert the data to SegY format
or used to directly plot (and on-the-fly processed) profiles with the SeNT software (developed by H.
Keil & V. Spiess, MTU-GeoB, University of Bremen, Germany).

5.2.3 Preliminary Results

During MSM57 Leg 1 and 2 the ATLAS PARASOUND was acquiring data in parallel to the EM122 MBES.
Therefore around 7000 km of profiles were conducted. Fig. 22 shows an example of a cross-section
over the Knipovich-Ridge. First analysis reveal a number of small sediment basins gradually deformed
and tilted towards the center of the ridge were sediment coverage is strongly reduced or seems even
absent.

5.3 Acoustic Doppler Current Profiler (ADCP)

Data were recorded from the two shipboard Acoustic Doppler Current Profiler (ADCP), the RDI Ocean
Surveyor 38 and 75 kHz, both phased array. The systems are fully operational and require minimal
operator interference. Data were acquired using the RDI software VMDAS (Vessel-Mount Data
Acquisition). Operating parameters used during MSM57 are provided in Appendix 6. NOTE: The EA
Heading alighnment error in the OS75NBMSM57.txt is obviously wrong! Since 09.08.2016 the
ADCP75kHz-settings were overwritten by the ADCP Alignment Correction (Edit Data Options) within
the VMDAS software. According to the WTD (scientific technical service on board), the 75 kHz has no
transducer misalignment whereas the 38 kHz transducer misalignment is 45° (clock wise rotated).
During Leg 2 the ADCP38kHz has not been used. It is alternatively mounted to the EM1002 in the port-
side moon-pool of the vessel.
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5.4 Attributed Sensors (GPS/Navigation, Motion Reference Unit, Sound Velocity)

The ships position was calculated by the KONGSBERG SEAPATH 320 Inertial Navigation System (INS).
Motion data (roll, pitch, heave) as well as heading and Differential Global Positioning System (DGPS)
information was generated by the SEAPATH 320 in combination with the motion reference unit
(KONGSBERG MRU 5+), and delivered to all hydroacoustic devices applied during MSM57. When using
a SEAPATH 320 INS, the internal coordinate system refers to the approximate center of gravity (COG)
of the vessel. This implies that lever arms and offsets to the DGPS antenna as well as the MRU are
considered when referencing to an ideal plane at the COG. Every acoustic device on-board has its own
lever arms or offsets between the given COG-plane and their own transceiver/receiver arrays or
antennas, which are set by the different acquisition software packages. Positioning for ADCP, EM122,
EM1002 and PS is provided by the SEAPATH 320 on R/V MARIA S. MERIAN. Posidonia USBL gets its
position from DGPS1 via DSHIP (shipside-database). Surface sound velocity (SSV) is recorded in real-
time (1/sec) by SV&P SMART probes, mounted starboard and redundant portside, near the transducer
of the two MBES. Sound velocity profiles (SVP) were directly acquired with expendable sound velocity
probes (XSV; n=2) and the AML-Oceanographic probe (n=3) which is lowered by one of the winches on
board.

Relatively sparse SVPs were taken especially during leg two of the cruise, which leads to a more
time consuming future processing of the data by modelling suitable SVPs to correct the bathymetry
data. Currently still present residuals of wrong sound velocity can be seen in the bathymetric data,
especially within the bathymetry of the continental slope (Fig. 20). Fig. 22 shows the influence of
different water-masses of the Arctic and North-Atlantic and surficial glacial fresh-water inputs on
sound velocity.

Sound Velocity Profiles West of Svalbard
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Fig. 22: Different sound velocities used during MSM57 show a very high dynamic within the first 400 m of the
water column. GeoB21627 shows a clear offset down to 1500 m.
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5.5 USBL Posidonia

IXSEA's POSIDONIA 6000 is an ultra-short baseline (USBL) underwater navigation system and
maintained by the scientific-technical service (WTD) on-board R/V MARIA S. MERIAN. The system is
commonly mounted in the starboard-side moon pool. The last calibration of POSIDONIA has been
conducted on 2" of July, 2013. During the cruise, the system was used to supply navigation for MeBo
deployments and positioning of heat-flow measurements as well as for gravity coring. To assure a
proper refraction through the water column the SVP was updated for every area of investigation within
the acquisition software ABYSS. The POSIDONIA spike-rejection filter was applied whenever using the
device. It clearly enhances the position/depth output and avoids unrealistic jumps. On MARIAS. MERIAN
DGPS support comes from DGPS1 via DSHIP. The system delivered very reliable and repetitive positions
during the cruise.

5.6 Scientific Data Management (Hydroacoustic Data, GIS and DSHIP-Database)

Table 5 reveals the amount of storage needed during this cruise (about 35 days) for hydroacoustic data
recording/processing as well as GIS and other scientific data. Water column data has been recorded
only when gas flare search was required.

Table 5: Storage capacities needed for this cruise. NOTE: Please double or triple the size for backup copies.

Devices RAW data Processed data
EM1002 005

EM122 Bathymetry 107 093
EM122 Water Column 053

ADCP 38kHz 002

ADCP 75kHz 008

SBP Parasound P70 229 030
ESRI ArcGIS 010
Global Mapper GIS 053
Shipside Database export (DSHIP) 006

Other scientific data 095

Total GB 505 186
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Fig. 23: PARASOUND sub-bottom-profile crossing the Knipovich-Ridge.
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6 Measurement of in situ Geothermal Gradients and Thermal Conductivity
(M. Riedel, M. Bergenthal)

6.1 Introduction

During Cruise MSM57 we used two different techniques to define the subsurface geothermal regime.
The majority of measurements were conducted with a heat flow probe, also called Giant Heat Flow
(GHF) probe. This probe is capable to measure temperature within the upper 6 meter below seafloor.
In order to define the deeper geothermal gradients, temperature measurements were made during
MeBo drilling with a miniature temperature data logger (MTL) that is hydraulically pushed into the
sediment. This new development was used for the first time regularly with MeBo during Cruise MSM57
and data acquisition and processing is still in the early phase and not routinely applied.

The mechanically robust GHF probe is designed for operation in pogo-style mode with a wide
application range from 6000 m water depth to the upper continental slope. The 6 m long temperature
sensor string allows measuring in situ temperature gradients, despite possible seasonal bottom water
temperature variations. The heat-probe was used at several locations during Cruise MSM57, including
active and inactive pockmark chains on the Vestnesa Ridge and Svyatogor Ridge to study fluid flow and
gas hydrate formations. Previous heat-probe measurements were conducted on a regional scale across
the study region (e.g. Crane et al., 1991), but no dedicated measurement campaign across the ridge
was conducted prior to MSM57.

MeBo temperature measurements were conducted at drill sites on Vestnesa Ridge as well as in the
shallow water regime of the continental margin near Prins Karls Forland. No GHF probe data were
collected in this shallow-water region, as seafloor is typically covered with boulders and glacial debris,
possibly damaging the tool. Also, this region has been intensely studied previously for the geothermal
regime (e.g. Berndt et al., 2014) and included long-term monitoring at the MASOX and HYBIS sites.

6.2 Methods
6.2.1 Giant Heat Flow Probe

6.2.1.1 GHF Probe Tool Description

|ll

The heat probe (Fig. 24) is constructed in the classical “violin bow” design (e.g. Hyndman et al.,,
1979), with 22 thermistors distributed over an active length of 5.2 m in 0.26 m intervals inside an outer
small tube (diameter of 14 mm) attached to the strength member (steel pipe of 130 mm diameter,
Fig. 24). The sensor tube also contains a heater wire for the generation of high energy heat pulses
typically on the order of 800 J/m for in situ thermal conductivity measurements according to the pulsed
needle probe method (Lister, 1979). The data acquisition unit including power supply is housed in a
single pressure case and mounted inside the probe’s weight stand. A second pressure case for the

power supply used to generate the heat pulses is added in a second slot on the probe’s weight stand.
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in weight stand = S
Fig. 24: Image of the heat-probe, secured in transportation carts on the starboard deck of MARIA S. MERIAN.

Fig. 25: Image of the deployment of the temperature probe on August 2" at the starboard side of R/V MARIAS.
MERIAN.

The signal of the temperature sensors is measured at a sample rate of 1 sec. A calibrated PT-100
seawater sensor on top of the weight stand allows to measure the bottom water temperature and to
check the calibration of the sensor string in deep water with high accuracy. Tilt and acceleration of the
probe is measured at a 1 sec sample rate to monitor the penetration process into the sediments and
potential disturbances during the measurement time while the probe is in the sediment. The complete
data set is stored in the probes’ data acquisition unit. After each measurement campaign, the probe
was brought back to the vessel, cleaned, and data were downloaded from the tool for post-processing.
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6.2.1.2 Data Acquisition

The tool is deployed over the starboard side of the vessel using the main horizontal crane and the small
starboard support crane (Fig. 25). After detaching the chains, the main crane lowers the tool to the
seafloor. The acoustic pinger for positioning control with POSIDONIA was always mounted 60 m above
the probe. Winch speed for penetration of the heat probe was ~1.0 m/s for maximum penetration into
the sediment. During descent of the tool to the seafloor, we monitor winch-tension as main parameter
to judge successful penetration. Once the tool fully penetrated and maximum relaxation of wire-
tension was reached, a few meter of extra wire-length were paid out to prevent the tool from being
accidentally pulled during swell. Upon recovery of the tool from the seafloor, we pulled at a speed of
0.2 m/s until the probe cleared seafloor. Maximum tension (pullout force) was recorded as an indicator
of probe penetration depths. We have chosen a time of 7 - 8 minutes for temperature decay after
initial penetration (from frictional heating) and the time for heat pulse decay observations was set to
another 7 - 8 minutes. The heat probe position on the seafloor (and during descent) was monitored
using the POSIDONIA positioning system available onboard the R/V MARIA S. MERIAN. Penetration of
the heat probe into the upper meters of the soft sediments generates a thermal disturbance due to
frictional heating. However, the probe will not have fully equilibrated at the end of this time. Therefore
the temperature decay has to be fitted to a theoretical decay model. In situ thermal conductivity is
measured with the heat pulse method (Lister, 1979) where the sensor string is heated up for typically
20 to 30 s and the thermal conductivity is derived from the shape of the temperature decay.

Since the probe was used in autonomous mode (no real-time monitoring), the probe was pre-
programmed using three criteria to define conditions for generation of the heat-pulse. Those three
criteria were set in a way that over a time period of 7 minutes after initial insertion into the sediment:

- tilt (in x and y-direction) had to be less than 0.3°,

- acceleration (z-direction) had to be less than 0.003 g,

- pressure differential (i.e. height of instrument) had to be > 100 dbar from previous insertion.

6.2.1.3 Data Processing Sequence

After device recovery the data stored on the acquisition unit has to be downloaded and converted to
ascii-format. The entire data set of the time from programming, deployment, until recovery is then
loaded into Matlab® for further processing. The codes for processing these data are provided by H.
Villinger, University of Bremen. The individual penetration times, assumed onset of heat pulse and
times for clearing the seafloor (see Appendix 2) are then used to split the data into individual “pen-
files” representing each one separate penetration. Within each “pen-file” sequence, a portion of the
temperature decay curves for each of the thermistors is used to find a best-fit temperature-decay
curve. This modeled temperature decay curve then defines the equilibrium temperature. Onboard
processing was done to generate initial thermal gradients and in situ thermal conductivity values to
help guide sampling with MeBo and gravity cores. Additional processing is planned post-cruise.
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6.2.14 Calibration of GHF Probe

Prior to using the probe in the sediments, calibration of the 22 thermistors is required. This is best
done using the probe in deep water with a homogenous water-mass of uniform temperatures over the
length of the probe (6 m). The location of the calibration was chosen in ~1200 m of water depth at the
Vestnesa Ridge (see Table 6) with the average temperature of the water being around -0.8°C. The
calibration is made by comparing each of the 22 temperature measurements to the standard
measurement at the head of the probe (referred to as Pt100 in Fig. 26). The offsets of each sensor are
stored in a separate file and applied during each data analysis procedure (see chapter 6.4). The portion
of the data record used for calibration is shown in Figs. 27 and 28.
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Eonhn%caf_gg:g_“batterief_ Fig. 26: Pressure case of temperature probe with reference
Al R Y prioo temperature probe and pressure sensor, used to guide
heat-pulse generation.

Table 6: Calibration values for the temperature probe defined at Vestnesa Ridge.

Sensor S1 S2 S3 S4 S5
T(°C) -0.7615 -0.7046 -0.7216 -0.7343 -0.7259
AT(°C) 0.025 0.0819 0.0649 0.0522 0.0606
Sensor S6 S7 S8 S9 S10
T(°C) -0.8214 -0.8209 -0.8160 -0.8457 -0.7627
AT(°C) -0.0349 -0.0344 -0.0295 -0.0592 0.0238
Sensor S11 S12 S13 S14 S15
T(°C) -0.7392 -0.7078 -0.7845 -0.7462 -0.7680
AT(°C) 0.0473 0.0787 0.0020 0.0403 0.0185
Sensor S16 S17 S18 S19 S20
T(°C) -0.7822 -0.7795 -0.7532 -0.7284 -0.8214
AT(°C) 0.0043 0.0070 0.0333 0.0581 -0.0349
Sensor S21 S22 T of standard (PT100): -0.7865 °C

T(°C) -0.7500 -0.7135

AT(°C) 0.0365 0.0730
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Fig. 27: Records of data from temperature calibration. Above panel shows temperature (as function of time)
and lower panel shows the tilt (X, and Y-direction). A stable temperature record was reached at around 18:15

(UTC).
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Fig. 28: Detailed view of the time interval used for defining offsets between each of the 22 thermistors to the
standard temperature measurement. In the above panel, temperature is shown with the start and end times
for defining average offsets shown as red and green bars, respectively. The lower panel shows the tilt of the
instrument as function of time.

6.2.2 MeBo MTL
6.2.2.1 MTL Description

A miniature temperature data logger (MTL) built by ‘Antares’ (type 1854) was used for measuring
temperature in situ with MeBo. The MTL was modified to fit into a pilot tube (Fig. 29). Initial testing of
the technology was done during R/V SONNE Cruise 222 (Kopf et al., 2012). The electronics and battery
of the MTL are located inside of a 16 mm diameter housing on top of a stainless steel tube (5 mm in
diameter and ~100 mm long). The MTL is pre-programmed prior to loading into MeBo for deployment
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and records data every 3 seconds for a total of 48 hours. The MTL was calibrated in the laboratory at
MARUM prior to shipping.

cone-tip
pilot-tube

Fig. 29: Image of the MTL inside a pilot tube (lower) and the MTL itself (upper).

6.2.2.2 Data Acquisition Procedure

Data acquisition is autonomous inside the MTL for the duration of deployment. After recovery, data
are downloaded from the MTL as continuous ascii-data record including a time-stamp, raw resistivity
value, and converted values of temperature. At pre-defined drilling-depths, the MTL was inserted into
the sediment, resulting in a frictional heating pulse (see Fig. 30) that then decays over time. As the
probe is left in the sediments for up to 10 minutes, often temperatures almost reach equilibrium
temperature of the formation. However, this is not always the case, and an additional first-order
analysis-step is used onboard to extrapolate the incomplete temperature decay curve to the
equilibrium stage using a plot of temperature as function of reciprocal time (Fig. 31). A liner fit to this
data-curve then yields the equilibrium temperature as the intersection of the linear fit at reciprocal
time “zero” (i.e. infinity).
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Fig. 30: Example of a temperature record from Station GeoB21643-1 (MeB0140) at a depth of 12.1 mbsf.
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Fig. 31: Example of data analysis and extrapolation to establish equilibrium temperature (3.54° C) from the
temperature record shown in Fig. 30.

6.3 Results
6.3.1 GHF Probe Data

During Cruise MSM57 a total of 10 individual deployment sequences of the GHF probe were conducted
in different sub-regions of Vestnesa and Svyatogor Ridge, in addition to the calibration site. During
these 10 sequences, a total of 102 individual probe-penetrations were completed. Only two of these
did not yield useful information on the sub-seafloor geothermal regime due to incomplete penetration
of the tool. Based on the record of rope-tension, we speculate that in both these instances the tool fell
over as it could not penetrate deep enough into the sediment. Out of the 100 successful probe-
insertions, 70 measurements included defining in situ thermal conductivities by employing the heat-
pulse technique.

After the second deployment of the tool (TL-02, GeoB21603), we added a metallic segment to the
2" mounting fin of the strength member to simplify tool deployment and recovery on deck. This
metallic piece moved along the fin during tool-penetration into the sediment and was pushed closer
to thermistor #16. In some cases, we noted unusually high in situ thermal conductivities near this
sensor (relative depth below seafloor of ~3 m). The higher conductivity value is potentially related to
the nearby metal (representing higher conductivity than the surrounding sediment). This modification
was replaced with a more stable plate for the last deployment (TL-11, GeoB21642).

6.3.1.1 Vestnesa Ridge

At Vestnesa Ridge, we conducted a total of 65 probe penetrations (one unsuccessful, see Fig. 32 for
overview map). These measurements focused on two active pockmarks called Lunde and Lomvi (Fig.
33) as well as adjacent northern, apparently inactive, unnamed pockmarks (Fig. 34). Additional data at
5 stations were taken across a fault-zone at the northern bend of the ridge (TLO6, Fig. 32). We took 11
measurements around Lomvi Pockmark, and 30 stations were visited across Lunde Pockmark. Two
stations were in between both these pockmarks. The adjacent inactive pockmarks were investigated
with 15 stations. All results are listed in Tables 7 - 13. Finally a reference site (also MeBo Station 126)
~3 km south of Lomvi Pockmark has been conducted). The main result of the temperature
measurements is a consistent difference in thermal gradients outside (average gradient of ~76° C/km)
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and inside (average gradient of 95° C/km) of pockmarks. Also, the apparently inactive pockmarks north
of Lunde (showing no gas flares) still show the same pattern, with stations inside a pockmark yielding
an average thermal gradient of 85° C/km and stations outside a pockmark yielding an average gradient
of 75° C/km.

B20°E B 40E TE

.....

THEN
TSN

TN
TN

B20°E B40E TE

Fig. 32: Overview of all GHF deployment sites at Vestnesa Ridge.

5580 B*50'0 ESIUE §'520 83 g &85

Fig. 33: Detailed image of deployment sites of the Fig. 34: Map showing locations of the deployment
GHF probe at Lunde (northern pockmark) and Lomvi  sites of TLO8 (orange dots) across the apparently
(southern pockmark). Bathymetry data are from P- inactive chain of pockmarks north of Lunde

cable 3D seismic data (courtesy S. Binz, CAGE). Pockmark.
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6.3.1.2 Svyatogor Ridge

Svyatogor Ridge had become a study focus after the discovery of possible abiotic methane as source-
gas for methane hydrates (Johnson et al., 2015). Three deployments with the GHF probe were made
(TL-09, -10, and -11) totaling 38 tool penetrations (one unsuccessful). Measurements were guided by
previous gravity coring (Johnson et al., 2015). Three zones were chosen around prominent chains of
pockmarks and fault outcrops (Fig. 35). The general pattern of higher thermal gradients inside
pockmarks (115° C/km) relative to the region outside the depressions (95° C/km), already seen at
Vestnesa Ridge, also holds true for Svyatogor Ridge. However, the geothermal gradients are overall
much higher at Svyatogor Ridge, as the underlying crust is much younger (2 — 4 Ma) than at Vestnesa
Ridge (> 10 Ma). Results are summarized in Tables 14 - 16. Three sub-regions were investigated: a
southern cluster of pockmarks field (TL-09, Fig. 36), a northern field of pockmarks (TL-10, Fig. 37), and
a central portion (TL-11, Fig. 38).

5°30°'E

78°30'N

78°25'N

78°20°'N

Fig. 35: Overview of GHF probe and gravity core stations along Svyatogor Ridge, including bathymetric data
revealing prominent chains of pockmarks as well as fault outcrops.
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T8°30N

T8°29N

Fig. 36: Map of GHF
probe stations of
deployment TL-09 (and
gravity cores) at the
southern end of the
Svyatogor Ridge

Fig. 37: Map of GHF
probe stations of
deployment TL-10 at
the northern end of
the Svyatogor Ridge.
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Fig. 38: Map of GHF probe
stations of deployment TL-
11 across the central
portion of the Svyatogor
Ridge.

Table 7: Results of measurements with the GHF probe for deployment TLO2.

Thermal gradient Thermal Conductivity Heat Flow
STN

(°C/km) (W/m-K) (mW/m?)
TLO2-01 80,6 1,16 90,2
TLO2-02 83,3 1.25 (assumed) 105
TLO2-03 88,1 1,33 113,9
TLO2-04 76,9 1.25 (assumed) 96
TLO2-05 86,3 1,17 101,2
TLO2-06 79,9 1.25 (assumed) 99,7
TLO2-07 82,8 1,21 103,2
TLO2-08 78,9 1,35 107,1

Table 8: Results of measurements with the GHF probe for deployment TLO3.

STN Thermal gradient Thermal Conductivity Heat Flow
(°C/km) (W/m-K) (mW/m?)
TLO3-01 77 1,25 96,8
TLO3-02 74,3 1.25 (assumed) 92,7
TLO3-03 77,1 1.25 (assumed) 96,1
TLO3-04 83 1,25 108,3
TLO3-05 80,2 1,23 99
TLO3-06 78,9 1,17 93,5
TLO3-07 78,2 1.25 (assumed) 97,6
TLO3-08 80,8 1.25 (assumed) 101
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Table 9: Results of measurements with the GHF probe for deployment TLOA.

STN Thermal gradient Thermal Conductivity Heat Flow
(°C/km) (W/m-K) (mW/m?)
TLO4-01 78,6 1,2 94,8
TLO4-02 84 1,27 106,1
TLO4-03 81,4 1.25 (assumed) 101,6
TLO4-04 82,1 1.25 (assumed) 102,2
TLO4-05 84,4 1,13 96,7
TLO4-06 106 0,99 1035
TLO4-07 73,8 1.25 (assumed) 92,4
TLO4-08 76,3 1.25 (assumed) 95,1
TLO4-09 78,8 1.25 (assumed) 100,3
TLO4-10 81,5 1,27 103,1
Table 10: Results of measurements with the GHF probe for deployment TLO5.
STN Thermal gradient Thermal Conductivity Heat Flow
(°C/km) (W/m-K) (mwW/m?)
TLO5-01 77,2 1,21 94,1

Table 11: Results of measurements with the GHF probe for deployment TLO6.

STN Thermal gradient Thermal Conductivity Heat Flow
(°C/km) (W/m-K) (mW/mz2)
TLO6-01 90,7 1,1 101,5
TLO6-02 90,5 1.25 (assumed) 113,1
TLO6-03 95,8 1,24 121,8
TLO6-04 85,3 1,12 98,8
TLO6-05 86,6 1.25 (assumed) 107,7

Table 12: Results of measurements with the GHF probe for deployment TLO7.

STN Thermal gradient Thermal Conductivity Heat Flow
(°C/km) (W/m-K) (mwW/m?)
TLO7-01 86,8 1,15 97
TLO7-02 80,9 1,29 106,7
TLO7-03 79,5 1,22 98
TLO7-04 100 1,1 101,8
TLO7-05 Failed attempt
TLO7-06 83,3 1,29 107,7
TLO7-07 70,4 1.25 (assumed) 90
TLO7-08 68,5 1,2 82,6
TLO7-09 68,7 1,22 86,7
TLO7-10 75,3 1,18 89,3
TLO7-11 84,3 1,19 98,9
TLO7-12 87,3 1,28 113,9
TLO7-13 79,6 1.25 (assumed) 97
TLO7-14 76,6 1.25 (assumed) 95,6
TLO7-15 72,4 1,21 90,4
TLO7-16 75,8 1,19 90,2
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Table 13: Results of measurements with the GHF probe for deployment TLOS.

STN Thermal gradient Thermal Conductivity Heat Flow
(°C/km) (W/m-K) (mW/m?)
TLO8-01 72,3 1,2 88,6
TLO8-02 75,7 1,16 89,5
TLO8-03 83 1,16 96,1
TLO8-04 78,2 1,2 95,3
TLO8-05 76,4 1,15 89,2
TLO8-06 78,2 1,25 (assumed) 98,1
TLO8-07 89,9 1,18 110,6
TLO8-08 78,6 1,16 94
TLO8-09 85,6 1,14 97,8
TLO8-10 77,1 1,25 (assumed) 95,8
TLO8-11 75,1 1,24 93,7
TLO8-12 92,6 1,55 138
TLO8-13 83,3 1,25 (assumed) 103,4
TLO8-14 81,1 1,37 115,0
TLO8-15 76,7 1,25 (assumed) 95,8
TLO8-16 77 1,28 104,2

Table 14: Results of measurements with the GHF probe for deployment TLO9.

STN Thermal gradient Thermal Conductivity Heat Flow
(°C/km) (W/m-K) (mW/m?)
TLO9-01 106,0 1,36 145,4
TL09-02 94,6 1,36 132,7
TL09-03 126,0 1,25 (assumed) 158,2
TL09-04 115,0 1,25 (assumed) 144,6
TLO9-05 83,5 1,37 118,8
TLO9-06 111,0 1,35 151,6
TLO9-07 106,0 1,25 (assumed) 132,2
TLO9-08 109,0 1,33 146,7
TLO9-09 84,3 1,38 118,6
TL09-10 121,0 1,33 162,7
TLO9-11 88,1 1,33 120,1
TLO9-12 88,1 1,38 124,3
TL09-13 95,4 1,37 134,2
TL09-14 109,0 1,30 142,7
TLO9-15 114,0 1,33 151,3
TLO9-16 88,9 1,35 1213

Table 15: Results of measurements with the GHF probe for deployment TL10.

STN Thermal gradient Thermal Conductivity Heat Flow
(°C/km) (W/m-K) (mW/m?)

TL10-01 131,0 1,32 175,0
TL10-02 95,0 1,29 121,0
TL10-03 104,0 1,32 139,0
TL10-04 106,0 1,21 128,0
TL10-05 73,0 1,25 (assumed) 73,0
TL10-06 98,0 1,30 131,0
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TL10-07 111,0 1,35 148,0
TL10-08 94,0 1,37 129,0
TL10-09 121,0 1,29 154,0
TL10-10 105,0 1,42 147,0
TL10-11 90,0 1,37 120,0
TL10-12 110,0 1,24 138,0
TL10-13 115,0 1,33 150,0

Table 16: Results of measurements with the GHF probe for deployment TL11.

STN Thermal gradient Thermal Conductivity Heat Flow
(°C/km) (W/m-K) (mwW/m?)
TL11-01 103,0 1,39 146,1
TL11-02 99,4 1,25 (assumed) 124,8
TL11-03 Failed attempt
TL11-04 127,0 1,34 164,6
TL11-05 111,0 1,37 152,5
TL11-06 116,0 1,37 157,8
TL11-07 111,0 1,25 (assumed) 139,0
TL11-08 89,5 1,25 (assumed) 110,0
TL11-09 119,0 1,29 154,1
6.3.2 MeBo
6.3.2.1 Measurements at Vestnesa Ridge

At the Lunde Pockmark, a total of six MeBo drill-sites were established. Three sites are within the
eastern depression (MeBo123, -124, and -125) and three within the western depression, closer to the
active gas flares (MeBo127, -128, -138). Only two successful temperature measurements were made
at these sites. In order to achieve a robust thermal gradient, these are combined and integrated with
data from the GHF probe (Fig. 39).
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Fig. 39: Integration of temperature data from Lunde Pockmark. The combined data yield a thermal gradient of
~81°C/km. Note that all GHF data are below 0°C.
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At the reference site drilled outside the pockmarks (MeBo126), five successful temperature
measurements were made with MeBo. The data (without the near-seafloor data form the GHF probe)
yield a thermal gradient of 80°C/km (Fig. 40). The near-seafloor data from the GHF suggest a gradient
of ~77°C/km, and integrating all data yields a quite robust gradient of 78°C/km.
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Fig. 40: Synthesis of temperature data from GHF probe at Station TL0O5-01 (blue) and MeBo measurements
(orange) at the references Site of Vestnesa Ridge (GeoB21613-1, MeBo126). The black trend line is the
integrated thermal gradient.

6.3.2.2 Measurements at the Continental Margin Sites

To investigate the deep thermal structure of the continental margin sites, a total of 13 successful
temperature measurements were made with the MeBo MTL tool (Table 17). Three attempts were
discarded for defining in situ temperatures. Combining data from the various drill sites and grouping
those into three water-depth zones allowed the definition of thermal gradients for these zones
(Fig. 41):

445 m: 37°C/km
405 m: 45°C/km
390 m: 49°C/km
A fourth location (MeBo0140) in 402 meter water depth was drilled above a prominent seismic

reflection, interpreted as gas-associated bright spot. The thermal gradient at this site is ~50°C/km.

Table 17: Temperature measurements with MeBo on the continental margin sites.

. Depth Temperature Depth-range
Station Comments .
(mbsf) (°C) (Fig. 41)
21632-2 10,3 3,46
390
MeBo134 17,9 3,77
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10,325 3,486
21626-1,2
10,325 3,546 404
MeB0129-1,2
17,925 3,796
21631-1
12,82 not successful 405
MeBo130
21633-1
10,325 3,353 446
MeBo135
10,325 3,375
21633-3
20,325 3,758 446
MeBo136
27,925 4,02
21634-1
9,875 not successful 390
MeBo137
21639-1 12,75 not successful 390
MeBo139 21,625 4,119
12,125 3,5654
21643-1
19,275 3,8165 402
MeBo140
26,325 4,366
45 |
-
- 4 405m (MeBo-129,
A -130, -131, -132)
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4 - |
~
- Pt 445m (MeBo0-135,
0 ~a -136)
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Fig. 41: All MeBo temperature measurements at the continental margin sites and respective calculated thermal
gradients.

6.4 Outlook for Post-Cruise Analyses

Data processing onboard focused on quality control and defining first-order thermal gradients. Heat-
flow values, the product of the measured (or assumed) average thermal conductivity with the thermal
gradients, need to be further corrected for secondary effects, such as sedimentation rates (or erosion
rates) as well as seasonal fluctuations in bottom-water temperatures. These will be conducted post-
cruise. Further integration of the 6 m heat probe data with those MeBo acquired data will also be done
post-cruise, including analyses of the respective thermal gradients and their influence on gas hydrate
stability.
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7 Seafloor Drilling with MeBo

(T. Freudenthal, M. Bergenthal, R. DiBmann, F. Ahrlich, T. Klein, C. Seiter, U. Rosiak,
S. Froelich, A. Stachowski, G. Spagnoli, K. Kaszemeik, K. Noorlander, W. Schmidt,
M. Reuter, A. Kausche, S. Meckel)

7.1 Technical Description

During R/V MARIA S. MERIAN Cruise MSM57, the seafloor drill rig MARUM-MeBo70 (Fig. 42) was used
for getting long sediment cores. This device is a robotic drill that is deployed on the sea bed and
remotely controlled from the vessel (Fig. 43). The complete MeBo system, including drill, winch, launch
and recovery system, control unit, as well as workshop and spare drill tools is shipped within six 20’
containers. A steel armoured umbilical with a diameter of 32 mm is used to lower the 10-tons heavy
device to the sea bed where four legs are being armed out in order to increase the stability of the rig.
Copper wires and fibre optic cables within the umbilical are used for energy supply from the vessel and
for communication between the MeBo and the control unit on the deck of the vessel. The maximum
deployment depth in the current configuration is 2000 m.

e R =
Fig. 42: The sea floor drill rig MARUM-MeBo70 on R/V MARIA S. MERIAN.

The mast with the feeding system forms the central part of the drill rig (Fig. 43). The drill head
provides the required torque and rotary speed for rock drilling and is mounted on a guide carriage that
moves up and down the mast with a maximum push force of 4 tons. A water pump provides sea water
for flushing the drill string for cooling of the drill bit and for removing the drill cuttings. Core barrels
and rods are stored on two magazines on the drill rig. We used wire-line core barrels (HQ) and hard
metal drill bits with 55 mm (push coring) and 63 mm (rotary drilling) core diameter. The stroke length
was 2.5 m (aluminum rods) or 2.35 m (steel rods). With complete loading of the magazines a maximum
coring depth of more than 70 m can be reached. Station time can reach more than 24 hours per
deployment.
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A Spectrum Gamma Ray (SGR) probe was used for borehole logging. The probe is equipped with a
25 cm long scintillation crystal combined with a photo-multiplier. Light impulses that are generated by
gamma ray collisions with the scintillation crystal are counted and analysed concerning the energy
spectrum. The three naturally occurring gamma ray emitters - potassium, uranium and thorium -
generate different energy spectra. A GeoBase software package is used to calculate a best fit for the
spectra. By combining the results of the Spectrum fit with the gammy ray counts the concentrations
of K, U, and Th are calculated.

The SGR-Memory is an autonomous tool that is used with the MeBo drilling system. When the
maximum coring depth is reached the inner core barrel is replaced by the probe. The gravity point of
the sensor is located about 125 cm above the drill bit and measures through the drill pipe. The probe
is hooked up the bore hole together with the drill pipe during recovery of the drill string (logging while
tripping). Tripping speed was about 0,6 m per minute.

A temperature probe was used for measuring formation temperature at different sediment depths.
The temperature probe consists of a probe that replaces an inner core barrel for conducting
temperature measurements at discrete depths. The lower end of the probe is located below the drill
bit at the base of the drill string and is equipped with a miniaturized temperature data logger (MTL)
with a 95 mm long tip. The temperature range of the MTL is -5 to 50°C with a resolution of about 1 mK.
The absolute accuracy is about +0.1K. The probe is pushed together with the drill string by 15 cm into
the sediment. After 10 minutes measuring time the temperature probe is hooked up out of the drill
string using the wire line technique and core drilling can proceed.

Mast/Feeding system
Drill head

Magazines K
Rotating chuck

6,6m

¥ | oading arm

"1 — Flush water pump

Umbilical
A: Control container
Floats™~ B: Winch
Drill string chuck 1 C: Drill tool container

ﬁﬂ MeBo D: Workshop container

Fig. 43: Schematic overview on the MeBo drill rig (left) and its deployment from a research vessel (right)

7.2 Core Material Obtained

The MeBo was deployed 19 times to sample long cores in the investigation area west of Svalbard. In
total, the MeBo was deployed for 333 hrs. 395 m were drilled. During several deployments the drill
string was flushed through the upper meters since interest was only in cores below the penetration of
gravity core deployments at these sites. In total 395 m were drilled of which 328 m were cored with
an average recovery rate of 34 %. Altogether 25 temperature measurements at 12 stations were
conducted. Bore hole logging with the SGR logging probe was conducted at one station. Detailed
information on MeBo deployments and core recovery is summarized in the station list (Table 18).
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Table 18: Station list for MeBo deployments.

Station Deploy. Latitude Longitude Water | Drill Coring Total core | Remarks
GeoB No. | duration |[N] [E] depth | depth |length recovery
[hrs:min] [m] [em] [em]
21604-1 100 cm
07:00 79°0,48' 6°54,54' 1214 280 260
#123 39%
21608-1 161 cm
07:07 79°0,48' 6°54,57' 1213 530 510
#124 32%
21610-1 905 cm
14:00 79°0,48' 6°54,57" 1215 2280 270 T (15,4 m)
#125 45%
T (15,4 m; 25,4 m;
21613-1 2465 cm
41:50 79°59,84' 6°57,77' 1200 6250 1995 35,4 m; 45,4 m; 55,4 m)
#126 42%
SGR (59-0 m)l
21616-1 281 cm
21:37 79°0,45' 6°54,21" 1209 1390 5905 CORK (14 m)
#127 26%
21621-1 447 cm
08:30 79°0,46' 6°54,26' 1212 775 1075
#128 59%
21626-1 395 cm
78°33,21" | 9°27,06’ 405 2290 1255 T(10,4 m; 17,7 m)
#129-1 32%
10 m shift w/o recovery
39:00
21626-2 254 cm
78°33,21" | 9°27,07 405 2530 1980 T(10,4 m; 17,9 m)
#129-2 13%
21631-1 53 cm
10:58 78°33,24" 9°27,34' 405 1530 745 T(12,9m)
#130 7%
21631-3 82 cm
9:48 78°33,24 | 9°27,34' 405 1530 260
#131 32%
21631-4 116 cm
13:09 78°33,24" | 9°27,33' 404 2030 270
#132 43%
21632-1 268 cm
9:43 78°33,13° 9°29,65' 395 1025 1005
#133 27%
21632-2 283 cm
23:15 78°33,14¢ 9°29,65' 395 1025 1005 T(10,4 m; 18 m)
#134 28%
21633-1 427 cm
11:13 78332,94¢ 9°22,79' 445 1775 1740 T (10,4 m)
#135 25%
21633-3 555 cm T (10,4 m; 20,4 m;
25:49 78°32,94/ 9°22,78' 445 3800 3755
#136 15% 28 m)
21634-1 , 431 cm
14:40 78°33,59 9°32,53' 340 2160 2125 T(9,95 m)
#137 20%
21637-1 , 870 cm
26:14 79°00,43 6°54,24' 1201 2395 2360 T(9,95m)
#138 37%
21639-1 1203 cm
26:18 78°33,13° | 9°22,78' 390 2615 2565 T(12,25 m; 21,7 m)
#139 47%
21643-1 1708 cm T(9,95m; 12,2 m;
22:28 78°35,29 | 9°23,97' 402 3330 3250
#140 53% 19,35 m; 26,4 m)
11203 cm
Total 332:35 39540 | 32815
34%
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7.3 MeBoPLUG (CORK) and CORK-Sonar
(A. Kopf, T. Fleischmann, P. Wintersteller, G. Bohrmann)

73.1 Methods: New Observatory Technologies That Monitor Gas Hydrate Stability
73.1.1 MeBoPLUG2 Borehole Observatory

The name MeBoPLUG of this second generation instrument is leant from the SmartPlug and
GeniusPlug observatories, which also represent simple types of CORKs designed as extension to
mechanical bridge plugs, but IODP drillhole-sized (Kopf et al., 2011). Instead of a bridge plug or CORK
seal, we make use of the conical threads of the MeBo drill pipes and seal the pipe with a pair of
additional o-rings (Figs. 44 and 45). The pressure housing is machined from stainless steel. At the top,
a POM handle designed to specification of the ROV MARUM-QUEST manipulator was added. In the
borehole-facing section, a thermistor as well as the downward-looking P port are situated (Fig. 44 inset
on right).

Inside the housing we hosted standard “RBR Duo” data loggers (see www.rbr-global.com for

detailed specifications) with Keller PD10 differential pressure transducers (500 kPa differential P range)
for monitoring pressure transients in the boreholes (as a proxy for strain; Davis et al., 2006) relative to
the seafloor pressure signal. With this approach we omit de-tiding of our data because all signals from
wave action, etc. occur more or less simultaneously at the seafloor and in the shallow sub-seafloor
formation. In the lowermost part of the instrument, pointing into the open MeBo borehole, we
mounted a conductivity transducer (Sea&Sun 7-pole cell conductivity sensor). Given that only one
thermistor was fitted into the so-called MeBoPLUG2, we are lacking a temperature record from the
seafloor (i.e. upward-looking side of the MeBoPlug; see Fig. 44). In order to overcome this shortcoming,
we have placed a temperature logger into the mooring next to the MeBo borehole.

Top of MeBoPLUG2 with POM handle Inside view of the P housing showing the electronics with the

for ROV recovery on top of the stain- KELLER pressure transducer and tubing, and also underwater
less steel P housing hosting the plugs to connect to the conductivity sensor
electronics

Lower portion of the MeboPLUG2 assembly showing the lower part of theP housing
and its connection to the Sea & Sun conductivity sensor and thermistor

Fig. 44: MeBoPlug prior to being screwed into a MeBo drill pipe (left); right photograph shows bottom view
into the borehole with ports for P (hole at left) and T (little pin at right) monitoring. See text.
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Fig. 45: Picture of the system on board MERIAN prepared with fresh sealing to be mounted on an iron drill
string.

7.3.1.2 Trawl-Safe “Sonar-CORK” to Quantify Seepage

We have designed a low-profile, self-contained mooring to monitor physical parameters indicative of
fluid escape by recording pressure, temperature, electrical conductivity and quantifying methane
bubbling. As main component, the moorings host an Imagenex 881 circumference sonar system that
may be used for both bedform monitoring or gas bubble quantification. This system has been mounted
at an upward-looking angle of appx 30° and is programmed to scan a window of 160° only. In addition,
P-neutral seafloor batteries as well as a data acquisition and additional transducers for pressure
(digitally interfaced Keller P33X) and temperature transducer placed in a P housing within the frame
(see Fig. 46). Both transients in P and T, and more importantly freshening of the seawater as well as
increasing amounts of methane bubbles over time will enable us to identify and quantify gas hydrate
instability over time.

Imagenex
sonar

P housing with data
logger, Pand T
transducers, etc.

P-neutral
batteries

Fig. 46: Trawl-safe Sonar-CORK for gas hydrate stability monitoring, equipped with sonar system, P, T and el.
conductivity transducers. Naked frame with batteries, electronics etc.
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7.3.2 Deployment: Decisions and Positions

With respect to the documented and actual active venting at the Lunde pockmark in the direct vicinity
of MeBo127 and the Sonar-CORK these sites were chosen to place the devices. The exact locations are
shown in Fig. 48. Deployment of the CORK (MeBoPLUG2) took place on 7 August 2016. The device was
placed on a 15 m long iron drill string. After a kind advice of our MeBo colleagues we used Aqua-Shield
(http://aquashieldusa.com/) to seal the MeBoPLUG2 (Fig. 45) which should allow a later removal of

the plug.

The Sonar-CORK was assembled on board about a day before deployment. Fittings and connections
of two different metals were covered with zinc to avoid electrochemical corrosion (Fig. 47). The sonar
was connected to the battery an hour before deployment. All the covers were tied up with additional
ropes. Fig. 49 shows the Sonar-CORK during deployment.

Fig. 47: Picture of the system on board MARIA S. MERIAN before assembling. Fittings and bi-metal connections
got a zinc-protection.
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Fig. 49: Sonar-CORK deployment handling on board R/V MARIA S. MERIAN.
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8 MeBo Drilling Sites

During R/V MARIAS. MERIAN Cruise MSM57 nine sites were drilled using the portable remotely operated
drilling system MeBo70 (Freudenthal and Wefer, 2013). Drilling operation included 19 holes, from
which seven holes were drilled at Vestnesa Ridge (Fig. 50), and 11 holes were drilled at the upper West
Spitzbergen continental margin of (Fig. 54).

8.1 Vestnesa Ridge
(S. Bunz, G. Bohrmann)

Drilling on Vestnesa Ridge focused on gas hydrate presence, and dynamics of gas hydrate-related-
processes inside and outside the pockmark structures. Pockmarks that are hundreds of meters in
diameter and tens of meters in vertical relief occur along the ridge crest (Biinz et al. 2012; Hustoft et
al. 2009). Gas bubbles were reported to emanate from some of the pockmarks using the 18 kHz signal
of the Simrad EK60 echo-sounder (Hustoft et al. 2009) and show that free gas from below is actively
passing the gas hydrate stability zone and reaches the seafloor. Chimneys in the sediment sequence,
associated to the pockmarks are well expressed in high-resolution P-cable 3D seismic data by the
occurrence of amplitude anomalies (Petersen et al. 2010; Plaza-Faverola et al. 2010; Biinz et al. 2012).
Gas hydrates have been recovered by gravity cores from those pockmarks which are active by gas
emissions (Fisher et al. 2011; Panieri et al. 2014; Smith et al. 2014; Hong et al. 2016).

Fig. 50: Bathymetric map from a
part of Vestnesa Ridge including
two pockmarks known as Lunde
and Lomvi Pockmark. Seven MeBo
drill holes at three sites were
drilled during MSM57.

During the cruise seven holes were drilled at three sites named Vestnesa Ridge 1-2 (VR 1-3) which
differ in geological structure (Fig. 50; Tab. 19).
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Table 19: MeBo Sites drilled during Cruise MSM57 at Vestnesa Ridge.

MeBo Water | Drilling | Recovered Latitude Longitude Location

Drill Depth Depth sediment [N] [E]

sites [m] [mbsf]

MeBo123 1213 2.80 1.00 m 79°00.50° 06°54.625° VR-1: Lunde Pockmark, non-vent site

MeBo124 1212 5.30 1.61m 79°00.502° 06°54.615° VR-1: Lunde Pockmark, non-vent site

MeBo125 1212 22.80 9.05m 79°00.503° 06°54.621° VR-1: Lunde Pockmark, non-vent site

MeBo126 1198 62.50 24.65 m 78°59.806° 06°57.808° VR-2: Vestnesa Ridge, background

Mebo127 1210 13.90 3.52m 79°00.418° 06°54.245° VR-3: Lunde Pockmark, vent site

MeBo128 1211 7.55 4.47 m 79°00.430° 06°54.255° VR-3: Lunde Pockmark, vent site, CORK

MeB0138 1209 23.95 8.70m 79°00426° 06°54.246° VR-3: Lunde Pockmark, vent site
8.1.1 Non-seep Site at Lunde Pockmark VR-1

Lunde Pockmark (Fig. 50) is one of the pockmarks active by gas seepage documented by acoustic water
column anomalies and the seismic data indicate that probably significant amounts of methane and
methane hydrate are present within the chimney structure (Blinz et al. 2012). Drilling at VR1 addresses
sediments within the pockmark, where no active seepage at the seafloor exist.

VR-1
MeBo-123, 124, 125

Depth [m]

32040 400

Fig. 51: High-resolution seismic data showing a profile from northeast to southwest over the MeBo drill site VR-
1 within the Lunde Pockmark. The drilling location shows no seepage at the surface (P-Cable 3D seismic data
from R/V HELMER HANSSEN (Blinz, 2013)).

Based on the 3D seismic data and the detailed bathymetry a location some tens of meters to the
northeast of the center of the pockmark in 1212 m water depths was selected (Fig. 50). The plan was
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to drill down to sediment depths deeper than 50 mbsf, where high amplitude anomalies have been
documented. MeBo drillings 123 and 124 had technical problems and had to be stopped in 2.80 m and
5.30 m respectively. MeBo drilling 125 reached a drilling depth of 22.80 mbsf and sampled a sequence
of sediments that differ in seismic pattern to structures outside of the pockmark, however, indications
of methane saturation and gas hydrate occurrence have not been found in these uppermost sediments
of the non-vent site.

8.1.2 Vestnesa Ridge Background Site VR-2

In order to drill the normal sediment sequence on Vestnesa Ridge that is not disturbed by any gas and
fluid seepage we drilled MeBo Hole 126 at VR-2, a location approximately 8 km southeast of the Lunde
Pockmark (Fig. 50). Based on the 3D-data (Fig. 52) from the P-cable cruise R/V HELMER HANSEN (Plaza-
Faverola et al. 2015) a location was selected that was several hundred meters away from chimneys
and vertical faults, which are normally present close to the crest of Vestnesa Ridge.

VR-2
MeBo-126

-1190

-1200

e e e — e

-1220 -1210

-1230

g
1
Kl

Depth [m]
48

-1260

-1270

Fig. 52: High-resolution seismic line along the crest of Vestnesa Ridge (NW-SE direction). MeBo drill site VR-2
was selected in a sediment sequence where no indication of fluid or gas seepage was observed in seismic data
(P-Cable 3D seismic data from R/V HELMER HANSSEN, (Blinz, 2013)).

Drill Hole MeB0126 at Site VR-2 is located in at 1,200 m water depth and drilled down to 62,50 mbsf
(Fig. 52). Due to some large dropstones intercalated with the sediments, which hampered the drilling
procedure, recovery rate was 42 %. Gas hydrates or any indications for methane hydrates have not
been recovered. Nevertheless a sediment sequence that was never drilled before is now available and
defines the background sequence outside the pockmarks.
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8.1.3 Seep Site at Lunde Pockmark VR-3

Vestnesa Ridge Drill Site VR-3 was drilled at an active seep site at the southwestern part of Lunde
Pockmark. The location was selected because high amplitude reflectors occur within the uppermost
25 mbsf and the active seepage is documented by continuously gas bubbling to a height of up to
1,000 m in the water column (Smith et al. 2014). The seepage site is connected in its deeper parts
below 20 mbsf by steeply dipping reflections that are tilted to the northeast where higher amplitude
reflections occur in 50 mbsf below Site VR-1 (Fig. 51). The tilted trace within the seismic line (Fig. 53)
was interpreted as a fault responsible for gas transport from deeper in the chimney to the seafloor.

VR-3 NE
MeBo-127, 128, 138 Vi1

MeBo-123, 124,125

Depth (m)
-1240 1230

-1250

-1260

Fig. 53: High-resolution seismic line over Lunde Pockmark from northeast to southwest over the MeBo drill
sites VR-1 and VR-3 within the Lunde Pockmark. VR-3 drilling location was performed where seafloor seepage
occurs (P-cable data from R/V HELMER HANSSEN (Biinz, 2013))

A newly mapped micro-bathymetry of Lunde Pockmark showed that the former Drill Site VR-1 at a
non-seep location was performed in a completely flat area. In contrast the seep location VR-3 was
drilled at a small-scaled hilly ground. Water depths of the three drill holes MeBo127, 128, and 138
varied only between 1,209 m and 1,211 m, because we tried to avoid the seafloor landing of the MeBo
device on the flank of seafloor pit and searched always for a flat area. Because of shallow-buried
authigenic carbonates and gas hydrates we had to stop drilling in 13,90 mbsf (Mebo127) and 7.55 mbsf
(MeB0128) respectively. During drilling of MeBo Hole 138 the drill bit could drill down to nearly 24
mbsf. Beside gas hydrates in most of the sediments massive light carbonates have been drilled below
ca. 15 mbsf, where the highest amplitude anomaly exist in the seismic record (Fig. 53). These seep
carbonates are dominantly composed of breccia of carbonate and clay clasts mixed with shells from
chemosynthetic clams. The clasts are connected by thick pure carbonate rim-cements. Voids have
been formerly filled by methane hydrates. Hole MeBo127 was closed by a CORK accompanied by a
sonar observatory (see Chapter 7.3), which will be retrieved during an upcoming ROV cruise.
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8.2 Upper Continental Margin
(G. Bohrmann)

Six sites were drilled at water depths between 340 m and 445 m at the upper continental margin west
of Prinz Karls Forland, a north-south elongated Island west of Spitzbergen (Figs. 54 and 55). Numerous
plumes of gas bubbles concentrated at water depths around 390 m have been interpreted as gas
emissions probably released from gas hydrates at the upper boundary of the gas hydrate stability zone
(Westbrook et al. 2009). Warming of the northward-flowing West Spitzbergen current by 1°-C over the
last 30 years was inferred from oceanographic data and was interpreted to have increased the release
of methane from the seafloor by reducing the extent of the gas hydrate stability zone. A profile of five
drill sites (Fig. 54: CM-1, CM-3, CM-4, CM-5 and CM-6) was planned to provide data from the sediments
for supporting the hypothesis published by Westbrook et al. (2009).

9°20'E 9°25'E 9°30'E

cm-7
MeBo140

78°35'N

78°34'N

CcM-1
MeBo129-1
MeBo0129-2

CM-3
MeBo135
MeBo136

78°33'N

-
C
0 5 10 km
| L S—
L

Fig. 54: Bathymetric map from a part of the upper continental margin west of Prins Karls Forland. MeBo holes
from six sites drilled during MSM57 are shown. Gas emission sites (red circles) were taken from Sahling et al.
(2014).

59



R/V MARIA S. MERIAN Cruise Report MSM57 MeBo Drilling Sites
SP: 1o 1800 170 1600 1500 1400 130 1200 1100 1000 90 00 700 500 50 0
Offset (m) 1000 1400 1800 20 260 3000 3400 3800 4200 4600 5000 5400
Depth
mbsf
300
CM-6 g7
MeBo137
cm_s - 350
MeBo133
CM-4 MeBol34
MeBo139
MeBo130
CM-1 ot - i ¥ ¥
MeBo123 ' MeBo132 rks -

CM-3
MeBo135
MeBo136

450

500

550

Fig. 55: Part of Seismic Line CAGE 14-5_HR2D_04 (from S. Biinz) with five MeBo drill sites from shallow water
depth at 340 m (Site CM-6) downslope to deeper water depth at 445 m (Site CM-3). CM-5 was not drilled at the

profile; position was projected to the profile.

Table 20: MeBo sites drilled during Cruise MSM57 at the upper continental margin West-Svalbard.

MeBo Water | Drilling Recovered Latitude Longitude Location
Drill Depth | Depth sediment [N] [E]
sites [m] [mbsf]
MeBo0129-1 404 22.90 3.95m 78°33.212° 09°27.070° | CM-1: Continental Margin, seep area
MeB0129-1 404 25.30 2.54m 78°33.212° 09°27.070 | CM-1: Continental Margin, seep area
Mebo130 405 15.30 0.53m 78°33.236° 09°27.337 | CM-4: Continental Margin, seep area
Mebo131 405 15.30 0.81m 78°33.236° 09°27.337° | CM-4: Continental Margin, seep area
MeBo132 405 20.30 1.16m 78°33.236° 09°27.337° | CM-4: Continental Margin, seep area
MeBo133 391 10.25 2.68m 78°33.132 09°29.653‘ | CM-5: Continental Margin, seep area
MeBo134 391 25.30 2.83m 78°33.132 09°29.653’ | CM-5: Continental Margin, seep area
MeBo135 445 17.75 427 m 78°32.935° 09°22.790° CM-3: Continental Margin, GHSZ
MeBo136 445 37.95 5.55m 78°32.935° 09°22.790° | CM-3: Continental Margin, GHSZ
MeBo137 340 21.60 431m 78°33.585° 09°32.528° | CM-6: Continental Margin, non-seeps
MeBo139 391 26.15 12.03 m 78°33.132’ 09°29.653’ | CM-5: Continental Margin, seep area
Mebo140 402 33.30 17.08 m 78°35.357° 09°24.939° | CM-7: Continental Margin, bright spot
8.2.1 Site CM-6 at 340 m Water Depth

Continental Margin Site 6 (CM-6) was drilled at the shallow-most eastern end of the depth profile in
340 m water depth. MeBo Drill Hole 137 recovered glacial sediments down to nearly 24 mbsf. The
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dropestone-rich sequence of fine-grained silty clay was intercalated by sand layers, probably
responsible for slight reflections in the seismic record (Fig. 56). The location of the drill site is 50 m
above the methane hydrate stability zone and no gas emission sites have been detected around the

position.
CM-5
CM-6 MeBo133
MeBo137 Sk : MeBo134
i ks MeBo139
L . i Loy LT L L A

Fig. 56: Part of seismic line CAGE 14- Fig. 57: Detail of seismic line PKF 2013_inline 54.
5_HR2D_04 with MeBo Drill Site CM-6
(MeBo137) in 340 m water depth.

8.2.2 Site CM-5 at 391 m Water Depth

Continental Margin Site CM-5 in 391 m water depth lies at the upper boundary of the gas hydrate
stability zone where numerous gas seeps exist. The location is found ca. 2 km southeast of the MASOX
observatory (Berndt et al. 2014), and aside of the profile. The location was shifted away from the
profile because a prominent reflector was much stronger there. During the drilling of three holes
(MeBo133, 134, and 139) many acoustic anomalies known as flares have been detected in the vicinity
of the drill site. The flares detected by using the EM122 multi-beam of the ship clearly represent gas
emission sites constantly emitting methane in this area. Sediment depths of 10,25 mbsf (MeBo133,
134) and 26,15 mbsf (Mebo139) were reached and although big boulders exist recovery rates of up to
47% were achieved (Tab. 20). A distinct seismic reflector in 20 mbsf (Fig. 57) was penetrated, and
seems to correlate with more sandy sediment material in the core. Temperature measurements could
be successfully performed in several depth intervals (see Tab. 18).
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8.2.3 Sites CM-1 and CM-4 at 404/405 m Water Depth

Continental Margin Sites 1 (CM-1) and 4 (CM-4) are lying 15 m downslope from CM-5 which is clearly
in the gas hydrate stability zone based on the current bottom water temperature (Sahling et al. 2014).
By drilling MeB0129-1 we tried to reach a strong reflector (Fig. 58) with negative polarity which marks
a prominent depth level increasing with increasing water depth (Fig. 55) which is probably related to
an unconformity in sediment sequence. At Drill Site CM-1 the reflector lies in ca. 35 mbsf and drilling
trough sediments that showed a chaotic reflection pattern (Fig. 58) was not very successful and Drill
Hole MeB0129 could not penetrate deeper than 25.30 mbsf. A slightly shift in northeastern direction
to Drill Site CM-4, where the prominent reflector is around 5-7 m shallower was also not successful.
Three drill holes there (MeBo130, 131, and 132) reached a maximum depth of 20.30 mbsf which is not
deep enough to penetrate into the strong reflector. Indications of gas hydrates have not been found
within the incomplete sampled sediment sequence

CM'4 CM_3
CM-1 MeBo130 MeBo135
MeBo129-1 MeBol3l MeBo136

. MeB0129-2 NliBolag_ |
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Fig. 58: Excerpt of seismic line CAGE 14-5_HR2D_04 Fig. 59: Detail of seismic line CAGE 14-
showing the locations of MeBo Drill Site CM-1 and -4. 5_HR2D_04 showing MeBo Drill Site CM-3
location.
8.2.4 Site CM-3 at 445 m Water Depth

At continental margin Drill Site CM-3 two holes have been drilled (MeBo135 and MeBo136)
representing the deepest water depth of 445 m which is 50 m within the gas hydrate stability zone and
gas hydrates should be existing. The prominent reflector in 36 - 38 mbsf showing a negative polarity
(Fig. 59) may represent the depth of the lower boundary of the GHZ where free gas could be
responsible for the presence of the seismic reflector. MeBo Drill Hole 136 reached a depth of
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39.50 mbsf and penetrated the reflector, where no free gas was detected. Based on recovered
lithologies the interpretation of the reflector as an unconformity seems to be more likely. Indications
for the presence of gas hydrates within the sediments have not been found.
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Fig. 60: Seismic line CAGE 14-5_HR2D_04 showing the locations of MeBo Drill Site CM-1, -3 and -4, representing
the section close to the upper boundary of methane hydrates.

8.25 Site CM-7 at 402 m Water Depth

Continental margin Site CM-7 was drilled 20 km northwest of the profile in 402 m water depth (Fig.
54). The area is characterized by numerous flares separated from the band of gas emissions site
following the slope to the north and reaching a water depth of 380 - 390 m at this latitude. CM-7 lies
approximately 2—4 km west of the prominent band of gas flares. The separated field of gas flares
around CM-7 indicated a special situation below the boundary for gas hydrate stability. More than 17
m fine-grained sediments associated with glacial pebbles have been drilled at this location revealing a
recovery rate of 53%. Formation temperature measurements at four depths in MeBo Hole 140 have
been successfully performed and calculated a thermal gradient of 50°C/km (see Chapter 6.3.2).

The basis for the selection of Drill Hole Mebo140 was the detailed seismic study of this area
achieved by Ker et al. (2014). The authors took advantage of the source signature of the deep-towed
high resolution SYSIF seismic device and demonstrated the value of the method for interpreting
different types of gas-related reflections associated with sub-meter-scale distribution of gas. MeBo
Drill Hole 140 drilled down to depth of 33.30 mbsf where the bottom hole assembly stopped in a sand
layer charged with free gas. The gas ascended in the drill hole and released into the water column by
forming a gas flare similar to the natural gas flares in the surrounding area.

High amplitude reflections of the bright spot have been seen in both low-frequency seismic profiles

and high-frequency seismic records (Fig. 61) of the area and are clearly induced by a gas-charged layer,
which was successfully drilled by MeBo.
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Fig. 61: Location of single MeBo Site CM-7 (MeBo Hole 137) ca. 18 km north of the MeBo-profile seismic line.
Drill site is plotted in low-frequency seismic profile (above) and in a high-frequency seismic profile from Ker et

al. (2014).
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9 Sedimentology
(J. Johnson, G. Panieri, A. Lepland)

9.1 Introduction

The MSM57 Expedition recovered 19 MeBo drill cores and 22 gravity cores (Table 21) from multiple
sites on the Western Svalbard margin (Figs. 16, 17, 18). The sites ranged in water depth from 340—
1634 m. MeBo drill cores were either push cores (P) or rotary cores (R) depending on drilling
conditions.

Gravity cores were collected with solid plastic core liners for most cores, however to enable rapid
core splitting, plastic bags were used for cores intended to sample shallow seafloor gas hydrate.
MSM57-Leg 1 was focused on the pockmarked crest of Vestnesa Ridge, where a well-developed free
gas and gas hydrate system results in shallow gas hydrate and actively venting methane plumes into
the overlying ocean (Hustoft et al., 2009; Petersen et al., 2010; Bilinz et al., 2012; Smith et al., 2014;
Plaza-Faverola et al., 2015)., which has persisted for over a range of timescales (Ambrose et al., 2015
and Plaza-Faverola et al., 2015). MSM57-Leg 2 was predominantly focused on the upper continental
margin, where abundant gas flares near the up-dip limit of gas hydrate stability, have been interpreted
to result from recent gas hydrate destabilization (Westbrook et al., 2009 and Thatcher et al., 2013). In
addition, MSM57-Leg-2 sampling included one MeBo site on Vestnesa Ridge as well as gravity coring
and temperature measurements in pockmarks above the gas hydrate system on Svyatogor Ridge
(Johnson et al, 2015).

9.2 Methods
9.2.1 Sediment Core Description

Detailed sedimentologic observations and descriptions were recorded manually for each core section
on visual core description sheets. A wide variety of features that characterize the sediments were
recorded, including lithology, grain size, sedimentary structures, color, diagenetic precipitates, and
core disturbance. This information was synthesized for each core in Strater” 5.0.710 software package
by Golden Software, LLC, which generates a one-page graphical description of each core (see Appendix
3 Core Descriptions). On the graphical core descriptions the core photos and recovery at each site are
shown, as well as the magnetic susceptibility profiles for each core and additional details about the
samples taken (see Appendix 3 Core Descriptions). For MSM57-Leg 1 cores, detailed lithologic
variations are depicted on the graphical core descriptions via the symbology of the stratigraphic
column and accompanying legends, while for MSM57-Leg 2, a simplified lithologic column is shown
and the lithologic variations are described in the text of the core description.

Naming of sediments on the graphical core descriptions (e.g. silty clay) were determined using the
textural classification of the ODP sediment-classification scheme of Mazzullo et al. (1988) (Fig. 62).
Grain size variations of the sediments were determined by visual observation and through poking of
the sediments with a needle, which allows for the more subtle differentiation between clay and silty
clay, for example. Additional textural and compositional information about the sediments was
confirmed through the initial examination of smear slides at sea. The Munsell color designation (hue,
value and chroma) of the sediments was determined by visual comparison with the Munsell soil color
chart (Munsell Color Co., 1975).
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Table 21: MeBo and Gravity Cores collected during MSM57 Legs 1 and 2.

GeoB [Instrument Location Latitude [Longitude |Date 2016|Water Depth Maximum Recovery

Core Depth

St. No. Tool-No. Name N E (UTC) m cm %
21601-1 GC-1 Lunde Pockmark [ 79°00.504' [ 6°54.637" 41122 1211 572

21604-1| MeBo123 Lunde Pockmark | 79°00.503' | 6°54.625' 41123 1213 280 38.46
21605-1 GC-2 Lunde Pockmark | 79°00.506' | 6°54.613' 41123 1214 765

21606-1 GC-3 Reference Station | 78°59.806' | 6°57.808 41123 1200 584

21608-1| MeBol24 Lunde Pockmark | 79°00.502' | 6°54.615' 41124 1212 530 31.57
21609-1 GC-4 Lunde Pockmark | 79°00.413' | 6°54.269' 41124 1212 535

21609-2 GC-5 Lunde Pockmark | 79°00.403' | 6°54.253' 41124 1212 60

21610-1| MeBo125 Lunde Pockmark | 79°00.503' [ 6°54.621" 41124 1212 2280 43.36
21612-1 GC-6 Lunde Pockmark |79°00.4266'| 6°54.673' 41125 1213 273

21613-1| MeBo126 Background 78°59.806' | 6°57.808 41125 1198 6250 41.74
21616-1| MeBo127 | Lunde Pockmark | 79°00.418' | 6°54.245' 41127 1210 1390 26.14
21617-1 GC-7 Lunde Pockmark [ 79°00.205' [ 6°55.867" 41128 1212 Bent Core

21617-2 GC-8 Lunde Pockmark | 79°00.201' | 6°55.870' 41128 1210 56

21619-1 GC-9 Lunde Pockmark | 79°00.427' | 6°54.677' 41129 1213 478

21620-1 GC-10 at TLO2-5 site 79°00.339' | 6°55.170' 41129 1207 596

21621-1| MeBo128 Lunde Pockmark | 79°00.430' | 6°54.255' 41130 1211 775 59.21
21623-1 GC-11 Lomvi Pockmark [ 79°00.212' | 6°55.950' 41131 1216 165

21624-1 GC-12 Lomvi Pockmark [ 79°00.171' | 6°55.498' 41131 1217 267

21626-1| MeB0129-1 | Cont.-Margin Site 1| 78°33.212' | 09°27.070' 41134 404 2290 31.47
21626-2| MeB0129-2 | Cont.-Margin Site 1| 78°33.212' | 09°27.070' 41135 404 2530 12.83
21630-1 GC-13 Cont. -Margin 78°33.241' | 09°23.344' 41137 436 198

21631-1| MeBo130 |Cont.-Margin Site 4| 78°33.236' [ 09°27.337" 41137 405 1530 7.11
21631-2 GC-14 Cont.-Margin Site 4| 78°33.237' | 09°27.336' 41138 405 287

21631-3| MeBo131 |[Cont.-Margin Site 4| 78°33.236' | 09°27.337 41138 405 1530 31.15
21631-4| MeBo132 |[Cont.-Margin Site 4| 78°33.236' | 09°27.337" 41139 405 2030 42.96
21631-5 GC-15 Cont.-Margin Site 4| 78°33.236' | 09°27.337" 41140 405 126

21632-1| MeBo0133 | Cont.-Margin Site 5| 78°33.132' | 09°29.6527" 41140 391 1025 26.67
21632-2| MeBo134 |[Cont.-Margin Site 5| 78°33.132' | 09°29.6527" 41140 391 2530 11.27
21633-1| MeBo0135 [Cont.-Margin Site 3|78°32.9347'| 09°22.7898' 41142 446 1775 24.54
21633-2 GC-16 Cont.-Margin Site 3| 78°32.938' [ 09°22.786' 41143 445 250

21633-3| MeBo0136 | Cont.-Margin Site 3|78°32.9347'| 09°22.7898' 41143 445 3795 14.88
21634-1| MeBo137 |Cont.-Margin Site 6 |78°33.5851'| 09°32.5283' 41145 340 2160 20.28
21634-2 GC-17 Cont.-Margin Site 6| 78°33.589' | 09°32.528' 41145 338 111

21636-1| GC-18 Swatogor Ridge | 78°21.322' | 05°42.129' | 41146 1625 478

21637-1| MeBo138 Lunde Pockmark | 79°00.426' | 06°54.246' 41147 1209 2395 36.86
21638-1 GC-19 Lunde Pockmark | 79°00.424' | 06°54.678' 41149 1210 250

21639-1| MeBo0139 |[Cont.-Margin Site 5| 78°33.132' | 09°29.6527" 41149 391 2615 46.9
21640-1 GC-20 Swatogor Ridge | 78°21.303' [ 05°42.309' 41151 1623 544

21641-1 GC-21 Swatogor Ridge | 78°21.659' | 05°41.594' 41151 1634 406

21643-1| MeBo0140 |[Cont.-Margin Site 7| 78°35.288' | 09°23.963' 41152 402 3330 52.55
21644-1 GC-22 Cont.-Margin Site 5| 78°33.132' | 09°29.6527" 41153 391 380

Of particular interest during the MSM57 Expedition were the visual indications of disruption to the

sediment caused by the dissociation of gas hydrate in the recovered cores. Massive hydrate was often

sampled prior to core description, but some less massive forms that were not sampled on the catwalk

dissociated within the core and left distinct textural disturbances. The two primary textures identified

as resulting from the dissociation of gas hydrate are soupy and mousse-like as defined during the ODP

Leg. 204 expedition at Hydrate Ridge (Tréhu et al., 2003). Soupy sediments are watery, homogeneous,

and fluidized. These sediments are often associated with void spaces in the core because they are able

to flow from their original position during core recovery and therefore retain no original sedimentary
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structures. Wet, watery mousse-like sediment texture is soft and deforms plastically under slight
pressure from one finger. Mousse-like texture contains gas vesicles and obscures primary sedimentary
structures. Mousse-like and soupy textures related to the dissociation of gas hydrate not sampled prior
to description were observed at several sites and noted on the graphical descriptions for each core.
Soupy disturbances at the top of each core (top of first section); however, are not necessarily related
to gas hydrate presence but rather drilling-related disturbance.

Clay

20 20

Sand-silt-clay

20

Sand Silt

25 50 75

Fig. 62: Ternary diagram for determining sediment names based on texture using the relative proportion of
sand, silt, and clay.

9.2.2 Sediment Core Imaging

All core sections were imaged immediately after being split and scraped using the SmartCIS 1600LS
line scanning system of the MARUM GeoB Core Repository (www.marum.de/en/Infrastructure/GeoB-

smartCIS-1600-Line-Scanner.html). It was useful to freshly scrape the cores immediately prior to

imaging in order to capture the ephemeral nature of some sedimentary features. This is holds
particularly true for iron sulfide precipitates, which become oxidized within minutes after core
splitting. All images were acquired at a 500 dpi resolution. In order to retain the relative variability in
core color within each hole, we found it more expedient to fix the aperture of the camera at f/8 that
would image most cores without the need for further adjustment. Care was taken to ensure that the
system was correctly calibrated using the “white tile” procedure prior to scanning each core and that
the camera position was correctly set up. A digital ruler was added to the images. Output from the
SmartClIS includes a jpeg file for each scanned section with a digital ruler on the right side of the image.
Red-green-blue (RGB) profiles for all images were also saved.
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9.23 Preliminary Results
9.2.3.1 MSM57 Leg 1

Vestnesa Ridge Reference Sites

The deposition of sediments on Vestnesa Ridge is mainly controlled by paleoclimatic and
paleoceanographic environmental changes. The sediments recovered by MeBo and gravity cores are
characterized by silty clay with layers rich in coarse, terrigenous ice-rafted debris (IRD) that were
deposited during extensive glaciations of the Svalbard margin. Intercalated layers with relatively low
IRD, but abundant planktonic foraminifers (mostly Neogloboquadrina pachyderma) in the coarse
fraction were deposited during periods of Atlantic Water inflow to the Arctic Ocean during seasonally
open waters in a sea ice cover with only few icebergs (Spielhagen et al, 2004).

MeBo126 was taken as a reference core (Fig. 17) and recovery was 41.74%, 2465 cm on a maximum
coring depth of 6250 cmbsf. The gravity core recovery from the reference site ranges from 584 cm (GC-
3) to 596 cm (GC-10). The sediments here are characterized by facies that consist primarily of gray silty
clay to dark gray silty clay with disseminated FeS, that often enhance the visibility of bioturbation.
Pebbles of different sizes (up to 5 cm) and coarse lithology can be present and are interpreted as ice-
rafted debris (IRD). There is the sporadic presence of mollusc fragments. Biogenic particles are limited
to planktonic and benthic foraminifera. Contacts between lithologies are commonly gradational. In the
background cores, a brownish layer (ca 30 cm thick) is observed between 300 and 400 cmbsf that is
characterized by low magnetic susceptibility, which Jessen et al. (2010) described as “Mass transport
deposits”. These sediments are deposited between 24,080 +150 and 23,550 +185 cal years BP over
large areas of the western Svalbard slope and can be used as a time marker in the regional slope
stratigraphy.

Lunde Pockmark

The lithology recovered in cores from the Lunde Pockmark (Fig. 17) is very similar to the reference site.
It is mainly characterized by gray silty clay to dark gray silty clay with moderate to common FeS that
often enhances the visibility of bioturbation. IRD layers made of subangular grains <1cm and pebbles-
interpreted as dropstones of different sizes (up to 5 cm) can occur at different sediment depths and
are interpreted as IRD. The difference with the reference site is represented by carbonate cemented
layers, and carbonate nodules and rubbles (ca 1—3 cm in diameter) that have been found in the
southwest sector of the pockmark where gas flares in the water column and high amplitude anomalies
in the seismic data were observed. A 27 cm thick layer of carbonate cemented sub-angular and
rounded peddles with whitish aragonite crystals developed in fissures was found at MeBo127 site in
the second core. Different layers of carbonate nodules and rubbles were found at varying depths in
the gravity cores and are described below.

The MeBo sediment core recovery in this active pockmark ranges from 100—905 cmbsf with a
recovery rate ranging between 26.14—59.21%. The maximum coring depth ranges from 280 cmbsf in
MeBo0123 to 2280 cmbsf in MeBo125. MeBo123, 124 and 125 were nearby in the northeast sector of
the Lunde Pockmark. The drilled length has been quite low for MeBo123 (280 cm bsf) and MeBo124
(530 cm bsf), while for MeBo125 has reached a maximum depth of 2280 m bsf. Overall core recovery
of MeBo125 sums up to 905 cm.
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The two other MeBo sites (MeBo127 and 128) as well as MeBo138, drilled during MSM57 Leg 2,
are characterized by clear evidence of present and past seepage activity. MeBo127 overall core
recovery was 281 cm (26.14%) with a maximum coring depth of 1390 cm bsf. At ca. 100 cm bsf we
found carbonate nodules and gas hydrate, along with several voids due to gas expansion. In core 2
there a 27-cm thick carbonate cemented layer has been found (described above). The typical ‘mousse-
like texture’ was recognized in cores 4 and 5. MeBo128 had the best core recovery rate of the entire
leg (59.21%), on a total drilled length of 775 cm bsf and a total core recovery of 447 cm. The sediment
is silty clay and in core 3 between 530 and 775 cm bsf there are several cracks due to gas expansion.
The lithology changes to gray clay towards the deepest sediment intervals. MeBo138 had a core
recovery of 36.86% and contained abundant authigenic carbonates in all recovered cores except core
6. Mousse-like and soupy sediment textures were also observed in the sediment record of MeBo138.

The gravity core recovery from the Lunde Pockmark ranges from 56 cm to 765 cm. The short
recovery (56 cm, GC-8) was from one of the pits. Overall, the cores with shorter recovery (< 100 cm)
are those containing gas hydrate, although in two cores (GC-6; GC-9) the recovery was longer.
Underpinning a non-linear relationship between core recovery and gas hydrate content. The lithology
is mainly gray silty clay to dark gray silty clay with moderate to common FeS. The presence of pebbles
interpreted as dropstones are consistent with IRD deposition. Particles coarser than silty clay cannot
be carried as suspension load and thus are most likely transported and deposited either as bed-load
by strong local bottom currents, within mass movements or as IRD. Abundant mollusc shell fragments
similar to Pharengena s.l. and Isorroprondon sp. previously found in Lomvi Pockmark (Ambrose et al.,
2015) and dated approximately 17,707 to 16,680 yrs. BP dominate a shell layer recovered by several
gravity cores during MSM57 (in GC-1 and GC-2 at ca 300 cm bsf; in GC-6 and GC-9 at 240 and 400 cm
bsf respectively; in GC-04 at 350 and 450 cm bsf). In GC-7, and GC-8 the very short recovery (92 and
56 cm respectively) was due to the presence of abundant carbonate rubbles and nodules in the lower
part of the cores. In GC-11 isolated carbonate nodules occur at ca 110 cm bsf. In several intervals, we
observed the ‘mousse-like texture’ characteristic of gas charged and previously gas hydrate bearing
sediments.

Lomvi Pockmark

The cores in Lomvi (Fig. 17) are characterized by similar lithology as described above; gray silty clay to
dark gray silty clay. The recovery for GC-7, and GC-8 was rather low (92 and 56 cm respectively). The
presence of abundant carbonate rubbles and nodules in the lower part of the cores suggest that the
gravity corer got stuck in these coarse layers. In GC-11 (core recovery: 165cm) carbonate nodules occur
between 110 and 130 cm and ‘mousse-like texture’ characterized the bottom of the core. Likewise the
“background cores” from the reference site, Gravity core GC-12 (core recovery: 267 cm) recovered at
140—185 cm bsf the brownish layer characterized by low magnetic susceptibility and previously
described as “Mass transport deposits” over large areas of the western Svalbard slope, dated to 24,080
+150 and 23,550 +185 cal years BP (Jessen et al., 2010). The bottom 30 cm of the Lomvi cores are
characterized by the ‘mouss-like texture’ and also contain shell fragments, most likely Pharengena s.|.
and Isorroprondon sp.

69



R/V MARIA S. MERIAN Cruise Report MSM57 Sedimentology

9.2.3.2 MSM57 Leg 2

Continental Margin Sites

Cores collected from the upper continental margin sites (MeBo129—140 and Gravity cores 13—17 and
22; Fig. 18) were quite variable in their lithology at the core section scale between clay, silty clay, sandy
clay, pebbly clay, clayey sand, sand, and pebbly sand, with variable amounts of gravel to pebble sized
rocks. The ice rafting and/or glacial debris associated with trough mouth fan deposition, meltwater
discharge, and bottom current activity was on the upper slope throughout the Quaternary. Given a
maximum seafloor penetration of ¥38 m (MeBo0136) at these sites, and the high sedimentation rates
associated with trough mouth fans, we suspect most of the recovered records represent deposition
during the late Pleistocene to recent, however, no biostratographic or other age constraints were
determined at sea. Core tops in both the MeBo and gravity cores collected on these upper continental
margin sites commonly contained pebbles, which were also observed on seafloor imagery captured by
the MeBo. These pebbles and cobbles of variable lithology are likely exposed at the seafloor due to
known bottom current activity (Rebesco et al, 2013 and Eiken and Hinz, 1993) that has removed or
inhibited deposition of the fine sediment fractions. In one particular case (Site MeBo134) sea floor
pebbles, complete with modern encrusting organisms, were trapped in the upper most core at the
surface and pushed downward during successive coring, inhibiting recovery for almost 10 meters
below the seafloor. Discontinuous stratigraphy due to gaps in recovery in the MeBo cores make
correlation of the recovered cores difficult using lithology or magnetic susceptibility. However, gravity
cores appear to have recovered similar stratigraphy at sites proximal to each other (i.e. in GC pairs, 13
& 16,14 & 15,and 17 and 22). Very similar porewater ammonium profiles in both the MeBo and gravity
cores suggest nearly uniform organic matter degradation within a common stratigraphy.

Smear slide examination of the fine sediment fraction compositions show that the continental
margin sediments at these sites (MeBo Sites 129-140 and Gravity cores 13-17 and 22) are dominated
by angular to sub-rounded rock fragments and mineral grains (quartz, quartz rich lithics, heavy
minerals and both microcline and plagioclase feldspars) of clay to fine sand size. Dropstone
compositions identified during core description included quartzite, biotite schist, sandstone/siltstone,
and occasional intrusive igneous and coal pebbles. Many of the dropstones showed evidence of in situ
chemical weathering, containing weathering rinds that stained the surrounding sediments. Marine
biogenic tests and carbonate shell fragments from macro-organisms are largely diluted by the strong
lithogenic sediment components at these sites, however some planktonic foraminifera, carbonate
shell fragments, and siliceous sponge spicules were occasionally observed in smear slide and
macroscopically on the split core surface. Because smear slides exclude the larger grains in a sediment
fraction, coarse fraction (>63 um) sediment examination may reveal a more accurate estimate of the
biogenic fraction. It is notable that visible foraminifera were observed during core splitting in some
clay dominated intervals. Macroscopic bivalve shells (possibly chemosynthetic) were observed both
as fragments and larger pieces (>1 cm) during core description and are noted in the descriptions. Black
iron sulfide precipitates of both iron monosulfides and pyrite were observed in smear slides, as fine
dusty precipitates or cubic crystals in non-framboidal circular clusters, and on the split core surfaces
as black patches or darker colored black zones within the sediments. Authigenic carbonates were
present in several cores as discolored (usually lighter tones) patches in clays, as nodules (both
MeBo0140), or fully cemented sediment intervals (MeBo139) and were confirmed through smear slides
and instant chemical reaction (calcium carbonate) or delayed reaction (dolomite) with 10% HCI. MeBo
sites 139 and 140 contained several authigenic carbonate occurrences. In addition, Site 129-2 may
have authigenic carbonate occurrences as well, however, carbonate dropstones should also be
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considered; future carbon isotope measurements could resolve this issue. A clast of carbonate
cemented sand with pebbles was notable in Core 1 at Site MeB0139 as it may also be a detrital clast
as well. Dolomite cemented sediments were observed in cores 5 and 6 at Site MeBo139.

Svyatogor Ridge

Three gravity cores (GC-18, 20, and 21) were collected from two pockmarks along the crest of
Svyatogor Ridge (Fig. 19). These pockmarks lie above a well-developed gas and gas hydrate system that
lies offset from Vestnesa Ridge along the Molloy transform fault, and could be charged by both biotic
and abiotic methane (Johnson et al., 2015). Previous water column flare mapping and gravity coring
during CAGE-UiT led expeditions to this region have not documented methane seeps in the water
column or sampled neither gas hydrates nor significant gas in cores recovered from these pockmarks.
These findings overall suggest that many of the pockmarks, although morphologically distinct, are
inactive at present. In agreement with earlier observations, seafloor mapping during MSM57 did not
identify any water column methane flares and methane concentrations in gravity cores were low (see
Chapter 13, Gas and Gas Hydrates), likewise alkalinity measurements (see Chapter 12, Pore Water)
suggest that the SMTZ lies at a greater depth than reached by coring.

Sediments recovered in by cores GC-18, 20 and 21 were composed predominantly of clays and silty
clays that varied in color (brown, olive brown, greenish grey, to grey). Smear slide examination
revealed, a similar lithogenic sediment composition to the continental margin sites, though, with a
higher proportion of foraminifera. Core description revealed only few dropstones in these records and
iron monosulfides were present throughout most of the sedimentary sequence. No authigenic
carbonate occurrences were observed. Magnetic susceptibility records in GC-18 and 20 were
consistent with the background stratigraphy observed in previously collected cores by CAGE, while GC-
21 showed depleted values, probably due to AOM related magnetite dissolution in the past (e.g.
Novosel et al, 2005).

Vestnesa Ridge

Cores collected from Vestnesa Ridge, Lunde Pockmark during Leg 2 (Fig. 17) included MeBo138,
discussed within the context of the Leg 1 cores above, and GC-19 which was collected in a plastic bag
liner to promptly harvest shallow seafloor gas hydrates for preservation in liquid nitrogen for post-
cruise structural analyses.
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10 Infrared Thermal Imaging of Sediment Cores
(C.-W. Hsu)
10.1 Introduction

Gas hydrates are solid crystals consisting of water molecule cages stabilized by methane or other low
weight gas molecules. The gas hydrate stability zone (GHSZ) can be found in marine sediment at depths
of hundreds of meters below the seafloor, where high pressure and low temperature conditions are
present. The presence of gas hydrate in marine sediments is generally inferred from reflection seismic
data where a bottom-simulating reflector (BSR) indicates the lower boundary of the gas hydrate
bearing sediment (Blnz et al., 2012; Kvenvolden, 1993). During this cruise the aim was to develop a
better understanding of the abundance and distribution pattern of gas hydrate in marine sediment
below the seafloor of Vestnesa Ridge and West continental margin of Svalbard, with the mobile drilling
system MeBo and gravity corer (Figs. 17 and 18). During core recovery, gas hydrate dissociation occurs
as soon as it is out of the GHSZ. Intervals in the sediment core where gas hydrate has recently
dissociated or is actively dissociating, are relatively cold to the surrounding sediment, because
dissociation of gas hydrate is an endothermic reaction. These intervals called “cold spots” can be
documented and measured with an infrared (IR) thermal camera by imaging the surface of retrieved
core liners. Several previous studies have successfully identified thermal anomalies associated with gas
hydrates through infrared thermal imaging (Riedel et al., 2006; Ryu et al., 2013; Tréhu et al., 2004; Wei
et al., 2015). During this cruise a ThermaCam SC 640 camera (FLIR Systems) was used to obtain thermal
images and measure the surface temperature of sediment cores. Infrared thermal imaging could
detect gas hydrate simultaneously while scanning the sediment core, providing valuable information
for further sampling strategies for sedimentology, gas and pore water geochemistry.

10.2 Methodology

The core sections of MeBo and gravity cores were imaged using the IR camera as soon as possible after
recovery. The IR camera was fixed on a tripod with a focal distance 150 cm between camera and core
liner. Each image covered approximately 60 cm depth range of the core, ice cubes which are visible in
the monitor while scanning were used as markers of each 50 cm depth range of the core (Fig. 63). The
temperature measurements of the IR system ranged from —40°C to 120°C and the precision of the
camera was 0.1 °C with the accuracy of + 2°C.

The raw data were converted and exported as JEPG format using the ThermaCAM™ Researcher
Professional software 2.10. All IR images were stitched consecutively, temperature logs were extracted
along central axis of the core from IR images (Figs. 64-67). The temperature of core liner containing
sediment devoid of gas hydrate were represented as background temperature of each core. The
background temperatures indicated that there are no significant variations (less than 1.0°C) within
each core. Thus, the specific background temperature was assigned to each core liner individually. The
temperature anomalies were characterized by AT, which was calculated from the difference between
measured and background temperature to interpret the content of the cores. Although it is possible
that some IR cold temperature anomalies result from other effects, for example decompression of gas
pockets. Previous studies (Bahk et al., 2013; Riedel et al., 2006; Tréhu et al., 2004; Wei et al., 2015)
suggest that distinct, strong cold anomalies are a reliable indicator of gas hydrate presence. The
observations during ODP Leg 204 reveal that gas expansion pockets generally seem to have
equilibrated with the ambient temperature and appear as warm spots (Tréhu et al., 2004).
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Infréred Camera
| (FLIRThermaCam
SC 640 Camera)

Fig. 63: Left: The infrared camera was fixed on a
tripod with a focal distance 150 cm between camera
and core liner. Ice cubes were used as reference
position for post processing and stitching of the
images. Right: The monitor of camera shows the
temperature anomalies simultaneously while
scanning of GC-9. The cold region (dark blue to
black) indicated the appearances of gas hydrate, the
warm part (red to orange) indicated the voids in the
core liner.

Table 22: List of infrared thermal imaging of MeBo and gravity corer during MSM57 and main observation.

Station No. | Location Core length | Temp. Observation and remark
(cm) anomalies
GC-1 Lunde Pockmark, 577 No No obvious temperature anomaly.
Vestnesa Ridge
MeBo123 Lunde Pockmark, 100 - Not applicable, drilling was failed.
Vestnesa Ridge
GC-2 Lunde Pockmark, 765 No No obvious temperature anomaly.
Vestnesa Ridge
GC-3 Background, 584 No No obvious temperature anomaly.
Vestnesa Ridge
MeBo124 Lunde Pockmark, 161 - Not applicable, drilling was failed.
Vestnesa Ridge
GC-4 Lunde Pockmark, ca. 535 - Sampled with plastic foil, gas hydrate.
Vestnesa Ridge
GC-5 Lunde Pockmark, ca. 60 - Sampled with plastic foil, gas hydrate pieces were
Vestnesa Ridge collected.
MeBo125 Lunde Pockmark, 905 No No obvious temperature anomaly.
Vestnesa Ridge
GC-6 Lunde Pockmark, 273 Yes Positive anomalies at 197 - 204 c¢cm (voids), negative
Vestnesa Ridge anomalies AT down to -3°C from 232 - 273 cm (gas
hydrate).
MeBo0126 Background, 2465 No No obvious temperature anomaly.
Vestnesa Ridge
MeBo127 Lunde Pockmark, 281 Yes Negative anomalies AT down to -2°C in 1P at 89 - 100
Vestnesa Ridge cm (gas hydrate).
GC-7 Lomvi Pockmark, 92 - Not applicable; core barrel was bent during coring, gas
Vestnesa Ridge hydrate was found in the core catcher.
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GC-8 Lomvi Pockmark, 56 Yes Negative anomalies AT down to -1.5°C at 12 - 19 cm,
Vestnesa Ridge possible disseminated gas hydrate at 9 ~ 20 cm.

GC-9 Lunde Pockmark, 478 Yes Negative anomalies AT down to -2.5°Cat 330-478 cm,
Vestnesa Ridge massive gas hydrate.

GC-10 TLO2-5 site, 596 No No obvious temperature anomaly.
Vestnesa Ridge

MeBo128 Lunde Pockmark, 447 Yes Negative anomalies AT down to - 5 °C at 631 - 647 cm
Vestnesa Ridge (core 3R), gas hydrate.

GC-11 Lomvi Pockmark, 165 Yes Negative anomalies AT down to - 3°C at 148 - 165 cm,
Vestnesa Ridge gas hydrate.

GC-12 Lomvi Pockmark, 267 Yes Negative anomalies AT down to - 3°C at 237 - 259 cm,
Vestnesa Ridge gas hydrate.

MeB0129-1 | Cont.-Margin Site 1 395 No No obvious temperature anomaly.

MeB0129-2 | Cont.-Margin Site 1 254 No No obvious temperature anomaly.

GC-13 Cont.-Margin 198 No No obvious temperature anomaly.

MeBo130 Cont.-Margin Site 4 53 No No obvious temperature anomaly.

GC-14 Cont.-Margin Site 4 287 No No obvious temperature anomaly.

MeBo131 Cont.-Margin Site 4 116 No No obvious temperature anomaly.

MeBo132 Cont.-Margin Site 4 81 No No obvious temperature anomaly.

GC-15 Cont.-Margin Site 4 126 No No obvious temperature anomaly.

MeBo133 Cont.-Margin Site 5 268 No No obvious temperature anomaly.

MeBo134 Cont.-Margin Site 5 283 No No obvious temperature anomaly.

MeBo135 Cont.-Margin Site 3 427 No No obvious temperature anomaly.

GC-16 Cont.-Margin Site 3 250 No No obvious temperature anomaly.

MeBo136 Cont.-Margin Site 3 555 No No obvious temperature anomaly.

MeBo137 Cont.-Margin Site 6 | 431 - Not applicable, out of GHSZ.

GC-17 Cont.-Margin Site 6 111 - Not applicable, out of GHSZ.

GC-18 Svyatogor Ridge 478 No No obvious temperature anomaly.

MeBo138 Lunde Pockmark 870 Yes Negative anomalies in core 3P-1, 3P-2, 4P-1, 6P-1 and

7R-1, gas hydrate.
GC-19 Lunde Pockmark ca.300 - Sampled with plastic foil, gas hydrate was found as
layers or likewise beds and veins.

MeBo139 Cont.-Margin Site 5 1203 No No obvious temperature anomaly.

GC-20 Svyatogor Ridge 544 No No obvious temperature anomaly.

GC-21 Svyatogor Ridge 406 No No obvious temperature anomaly.

MeBo0140 Cont.-Margin Site 7 1708 No No obvious temperature anomaly.

GC-22 Cont.-Margin Site 5 380 No No obvious temperature anomaly.

10.3 Results

Infrared thermal imaging of sediment cores was documented for most of MeBo drill sites and gravity
core sites (Table 22). Few exceptions such as MeBo123, MeBo124, MeBo137, GC-4, GC-5, GC-7, and
GC-17 were not applicable for imaging due to delay of core retrieval, out of gas hydrate stability zone,

or different sampling strategy (Table 22). The negative temperature anomalies were observed in the
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sediment cores at Lunde Pockmark and Vestnesa Pockmark, there was no temperature anomaly or
valuable observed from thermal imaging at continental margin sites.

10.3.1 Gas Hydrate in Lunde Pockmark

Gas hydrates were recovered by both MeBo and gravity cores in Lunde Pockmark. GC-6 and GC-9 were
located at the south-eastern rim of the pockmark, the IR images indicated the appearance of the
shallowest gas hydrate at depth 232 cmbsf and 330 cmbsf of GC-6 and GC-9, respectively (Fig. 64). The
temperature logs showed distinct cold anomalies down to -3°C and strong positive anomalies indicated
voids in the sediment core due to the gas decompression during the core recovery. The positive spikes
in the temperature logs were artifacts from the relatively warm end caps of each liner section.
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Fig. 64: Core images, IR images, temperature logs and pore water chloride concentration profiles of GC-6 and
GC-9. The color bar of the IR images was ranged from 0 to 10°C. Temperature profiles showed the differences
between the measured temperature and background temperatures of core liners, expressed as AT. Positive AT
values correlate with voids in the cores and negative AT values represent dissociating gas hydrates. The
concentrations of chloride (red dot) supported that refreshing signals in the interval of cold spot where soupy
textures sediment appeared due to the gas hydrate dissociation.

MeBo0127, MeBo128 and MeBo138 were located at the southern rim of Lunde pockmark, the IR
images indicated that the appearance of the shallowest gas hydrate at core 1P, core 3R, and core 3P
of MeBo127, MeB0128 and MeBo138, respectively (Fig. 65). The core 1P of MeBo127 was drilled at
depth from 0 to 575 cmbsf, IR image showed that AT values were down to -2°C, with relatively
refreshing chloride signal compared to the other core sections, the mousse-like texture was described
in the cold spots. The core image of core 1P was taken after smoothing the surface of sediment core,
therefore no mousse-like texture was shown in the core image.
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Fig. 65: Core images, IR images, temperature logs and pore water chloride concentration profiles of MeBo127
and MeBo0128. The color bar of the IR images was ranged from -2 to 10°C. Temperature profiles showed the
differences between the measured temperature and background temperatures of core liners, expressed as AT.
The concentration of chloride (red dot) supported that refreshing signals in the interval of cold spot where
soupy textures sediment appeared due to the gas hydrate dissociation.
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Fig. 66: Core images, IR images, temperature logs and pore water chloride concentration profiles of MeBo138.
The colour bar of the IR images was ranged from -1 to 8°C. Temperature profiles showed the differences
between the measured temperature and background temperatures of core liners, expressed as AT. There were
five significant intervals with negative anomalies of temperature in the core 3P, core 4P, core 6P and core 7R.

-5

1PLC

76



R/V MARIA S. MERIAN Cruise Report MSM57 IR Imaging

The core 3R of MeB0o128 was taken at depth from 530 to 775 cmbsf, IR image showed that AT value
was down to -6°C, with strongly refreshing chloride signal at bottom of the core section, the mousse-
like textures were document in the core image.

The temperature logs and the IR images of MeBo138 showed that gas hydrates were widely
distributed in this sites from 515 to 1220 cmbsf (Fig. 66). There was a technical issue during the MeBo
recovery in this site: MeBo was staying 2 hours at 100 m water depth which is out of gas hydrate
stability zone. Therefore, intervals with small amount of gas hydrate could be completely dissociated
and its temperature might equilibrate with surrounding sediment. However, there were at least five
significant negative anomalies of temperature in core 3P, core 4P, core 6P and core 7R which is shown
in Fig. 66.

10.3.2 Lomvi Pockmark

Gas hydrates were recovered by gravity cores in Lomvi pockmark. GC-7, GC-8 and GC-11 were located
at north-eastern depression of the pockmark, GC-12 was located at the south-western depression of
the pockmark. There is no IR-images of GC-7 due to the core barrel bending during the sampling.
However, the disseminated gas hydrates were found in the core catcher of GC-7. The IR images
indicated that the appearance of the shallowest gas hydrate at depth 15 cmbsf, 150 cmbsf and 235
cmbsf of GC-8, GC-11 and GC-12, respectively (Fig. 67). The temperature logs showed that distinct cold
anomalies down to -3.5°C. The positive spikes in the temperature logs were artifacts from the relatively
warm end caps of each liner section.
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Fig. 67: Core images, IR images, temperature logs and pore water chloride concentration profiles of GC-8, GC-
11, and GC-12. The colour bar of the IR images was ranged from 0 to 10°C for GC-8 and from -2 to 10°C for GC-
11 and GC-12. Temperature profiles showed the differences between the measured temperature and
background temperatures of core liners, expressed as AT. The concentrations of chloride (red dot) supported
that refreshing signals in the interval of cold spot where soupy textures sediment appeared due to the gas
hydrate dissociation.
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11 Measurements of Magnetic Susceptibility with a Multi-Sensor Core Logger
(M. Riedel, N. Stange, J. E. Johnson)

11.1 Introduction

During cruise MSM57 we used a multi-sensor core logger (MSCL) from the University of Bremen to
measure magnetic susceptibility on the recovered gravity and MeBo cores. Magnetic susceptibility is
a useful indicator for stratigraphic correlations between drill/core sites and is widely used during
drilling operations, including ODP and IODP expeditions (Blum, 1997; available online at http://www-
odp.tamu.edu/publications/tnotes/tn26/TOC.HTM). Also, in case of methane advection, it has been
noted previously (e.g. Novosel et al., 2005) that magnetic susceptibility is much reduced in sediments
with a record of anaerobic oxidation of methane (AOM).

A bulk of previous gravity coring along the west Svalbard margin has established a magnetic
susceptibility reference record (Jessen et al., 2010), to which we can compare and tie our new results
from expedition MSM57.

11.2 Methods
11.2.1 The MSCL

A Geotek MSCL was provided by the working group Marine Geophysics by Prof. Dr. Tilo von Dobeneck
at the University of Bremen, for onboard core-measurements during expedition MSM57 (Figs. 68, 69).
The MSCL was equipped only with a magnetic susceptibility meter and a temperature probe
(measuring ambient room temperature). The magnetic susceptibility is measured with a Bartington®
meter, controlled through the track-software. Initially, for Leg 1 of MSM57, only a MS2C loop sensor
with a diameter of 14 cm was available and utilized both for gravity and MeBo cores. For Leg 2 of
MSM57, a MS2C65 sensor with loop-diameter of 6.5 cm was available for the MeBo cores. All gravity
cores were still processed using the larger-diameter loop sensor.

11.2.2 Data Acquisition and Processing

Prior to logging of each core, the multi-sensor track software by Geotek is used to establish
communication to the sensors and track-motor. After this first check, the susceptibility sensor was
zeroed. No extra calibration of the susceptibility meter was performed onboard. Each core section was
put on the track and we typically logged each core at an interval of 2 cm using a measurement time of
10 seconds for higher resolution, as we expected overall low (< 100 - 10 SI) magnetic susceptibility
values in the cores off the western margin of Svalbard. Only two cores were measured at 1 cm
resolution (GC-18, -20, and 21 from Svyatogor Ridge).

Since GC-9 and GC-12 were split prior to logging, these two gravity cores were logged as half rounds.
For processing, there has been a correction of the reduced cross section area. Additionally, the split
archive of GC-12 was relogged. The comparison of the magnetic susceptibility measurements on the
whole round and half round of GC-12 shows that the used correction factor for reduced cross section
area is appropriate.
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The cores were not let to equilibrate to room temperature (~¥16°C, which would have taken ~3
hours) as core-logging had to be done immediately after recovery and prior to any sub-sampling of the
material for geochemical proxies of methane advection and gas hydrate occurrence. No temperature
correction was therefore performed. We also did not apply any drift-correction to the susceptibility
meter. This neglect did not lead to any obvious problems that we could detect onboard.

We sequentially logged each core section including core-catchers where available. However, due
to incomplete core recoveries at MeBo drill sites the raw-data are first assigned to an initial depth
below seafloor, which is modified to reflect correct depth in situ in a post-measurement analysis step.
Each core section is (in case of incomplete recovery per core-stroke) assumed to start at “Ocm” below
top of intended core-interval.

We processed the raw susceptibility values as outlined below to obtain volume specific
susceptibility values that may be comparable to previous records. Due to the different nature of core-
diameter of gravity cores (12 cm) and MeBo cores (5.6 cm for push and 6.3 cm for rotary cores) we
also need to process the data to account for the difference in loop-diameter.

Volume specific magnetic susceptibility
The data obtained from the magnetic susceptibility system provides uncorrected, volume specific

magnetic susceptibility, Kuncor (dimensionless, *107° Sl units). To obtain the corrected Volume Specific

Magnetic susceptibility (K) the data must be corrected for the relative effect of size of the core and the
size of the loop sensor being used:

K = Kuncor /Kre| (*10_5 SI UnitS), With

Krel = 4.8566*(dcore/Dloop)? - 3.0163*(dcore/Dloop)+0.6448.

Fig. 68: Logger with large-diameter loop (14 cm) to log gravity cores.
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Fig. 69: Logger with smaller-diameter loop (6.5 cm) to log MeBo cores, available for Leg 2 of MSM57 only.

11.3 Results

The individual logs for the cores are shown as part of the stratigraphic and sedimentological
descriptions of each core (see sections 8 and 9 for details). Here we show one example of cross-
correlation of lithologic units defined from gravity cores taken at MeBo Sites along a transect at the
continental margin off Svalbard in water depths of 445 m to 338 m. Magnetic susceptibility shows a
characteristic shape within the upper 1.5 mbsf of cores in deeper water allowing to identify the same
peaks and troughs (as well as changes in gradient) from core to core (Fig. 70). At the two sites in lower
water depths the magnetic susceptibility was generally lower than for sites in deeper water and did
not show any patterns useful for correlation. This can be due to a change in the rather heterogeneous
sedimentional environment. On the other hand, it is quite possible that there was a consumption of
magnetic minerals in connection to AOM, especially since GC-22 is located at an active seep site.

Sediments recovered at these sites reflect a mostly glacially dominated sedimentation pattern, with
numerous dropstones mixed within a clay-dominated matrix. Some sand-layers as well as authigenic
carbonate was recovered. Pore-water analyses made from these cores included measurements of the
total alkalinity (TA), which is a proxy for methane advection. Typically TA is at a local maximum within
the sulfate-methane transition zone (SMTZ). However, down-core variations in TA (e.g. gradient in
concentration) may also be lithologically controlled (Fig. 71). Further analyses and correlations will be
made post-expedition.
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Fig. 70: Correlation of stratigraphic units with magnetic susceptibility for the gravity cores taken at the MeBo

Sites at the continental margin off Svalbard.
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Fig. 71: Correlation of stratigraphic units as shown in Fig. 70 with total alkalinity (TA) measured for the gravity
cores taken at the MeBo Sites at the continental margin off Svalbard.
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12 Pore Water Geochemistry
(W.-L. Hong, C. Schmidt, H. Yao, K. Hamann, K. Wallmann)

12.1 Introduction

During the first leg of cruise MSM57, MeBo drilling and gravity coring were conducted at two active
pockmarks, Lunde and Lomvi, along Vestnesa Ridge to investigate the dynamics of gas hydrates and
fluid flow. During the second leg, sediments were recovered on the upper continental slope of Svalbard
at the edge of the gas hydrate stability zone where recent bottom water warming may induce gas
hydrate dissociation.

Analyses were carried out onboard and augmented by an extensive subsampling program for
onshore analyses of key geochemical species (Table 23).

Table 23: Pore water analyses and sub-sampling plan during MSM57

Onboard analysis Treatment Institute in charge
Total alkalinity Onboard titration CAGE/GEOMAR
Ammonium Onboard spectrophotometry CAGE/GEOMAR
Chloride Onboard titration CAGE/GEOMAR
Pore Water sub-sampling

Anions (IC) None GEOMAR
Cations (ICP) Add 20 pl HNO; GEOMAR
Hydrogen sulfide Add 1.5 ml Zn(OAc), CAGE

513¢C-DIC Add 10 pl HgCl, CAGE

Sr/B None CAGE

5'80/ED None CAGE
Sediment sub-sampling from squeezer cakes

POC, PIC, N, S None GEOMAR
Biomarker analysis Freezer -20°C CAGE

Pyrite Vacuum, -20°C CAGE

For the onboard analyses, we measured concentrations of chloride, ammonium, and total alkalinity.
Chloride is a biologically inert chemical species. Its concentration is depleted when freshwater is added
to saline pore fluids by a range of different processes including infiltration by meteoric waters,
diagenetic transformation of water-rich minerals (e.g. smectite, biogenic opal) into water-poor phases
(e.g. illite, opal-CT) and through the dissociation of gas hydrates. Chloride contents higher than in
seawater are observed where deep-seated brines ascend to the surface or when fresh water is
removed from ambient pore space by the formation of gas hydrates.

The concentrations of total alkalinity and ammonium are useful indicators of key biogeochemical
reactions: organic matter degradation and anaerobic oxidation of methane (AOM). During the
decomposition of organic matter, macro nutrients such as ammonium and phosphate are released to
the pore fluid. High ammonium levels then indicate active organic matter turnover. Total alkalinity (TA)
defines the buffer capacity of the fluid, which indicates the concentration of bicarbonate and hydrogen
sulfide in the pore fluid. Bicarbonate and hydrogen sulfide are actively produced during the AOM-
coupled sulfate reduction, a reaction mediated by a consortium of bacteria and archaea:

CH, +S0,” ——>HCO; +HS™ +H,0
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Besides being indicators of biogeochemical reactions, both ammonium and TA concentrations also
reflect the degree of cation exchange and silicate diagenesis, processes happening at greater depth.

12.2 Methods
12.2.1 Sediment and Pore Water Sampling

Sediment samples were taken from gravity cores (GC) and MeBo cores. The sampling was done in the
hanger of the ship at ambient temperature of ~10°C. For most of the cores, MSCL scanning was
performed before the core was cut into halves. Whole round cores were stored on the deck before
MSCL scanning at air temperature of 2 to 4°C. We sampled 2-3 cm thick(?) sediment slices from the
working halves of gravity cores and 8-10 cm thick sections from the working halves of MeBo cores. The
depth intervals of the sampling were chosen according to core recovery and the distribution of gas
hydrates in the core. Sediments both at the splitting surface and in contact with the liner were not
sampled to avoid potential contamination from the drilling fluid and seawater. Sediments from the top
ca. 10 cm of the MeBo core sections were usually not sampled because they were often wet and
appeared to be disturbed by the drilling operation. Sandy sections are also avoided where possible
because the seawater that was used as drilling fluid may easily penetrate these high-permeability
sediments. Especially for the samples from MeBo core 139, where thick well-sorted sand layers were
recovered, samples with sand almost always contained low TA, low ammonium, and seawater-like
chloride content, a clear sign for severe seawater contamination. The degree of contamination will be
assessed for all samples employing onshore measurements of sulfate as sulfate is expected to be
absent below the SMTZ and any sulfate present in the deeper core sections very likely originates from
seawater contamination during drilling. Caution is advised when interpreting the raw, uncorrected
pore water data from this report. Concentrations may change significantly after the sulfate correction
has been applied.

Two GEOMAR argon-gas squeezers were used to extract pore water from the sediments. 14
samples were squeezed simultaneously in each squeezer. On average, it took 30 to 45 minutes to
squeeze 5-10 ml of pore water. Squeezing was performed in the vessel’s cold room at 4°C. Gas pressure
was monitored and seldom exceeded 5 bar during the squeezing. While squeezing, the pore water was
filtered through 0.2 um cellulose Whatman filters and collected in acid-washed 20 or 10 ml bottles. In
addition to the squeezing method, some gravity cores were treated with rhizons (purchased from
Rhizosphere, The Netherlands) in order to gain pore fluids from undisturbed whole cores.

Alkalinity titrations and sub-sampling for hydrogen sulfide were done immediately after the
extraction of pore water. Ammonium was analyzed within 1 to 2 hours after pore water sampling.
Chloride titrations and further sub-sampling were conducted after the ammonium analyses were
completed. After pore water squeezing, sediment squeeze cakes were subsampled into three
aliquotes: one halve for biomarker analyses (CAGE), one sixth for pyrite extraction (CAGE), and the
remaining portion for element analyses at GEOMAR. The fraction for biomarker analyses was stored
in a -20°C freezer to inhibit organic compound degradation. The fraction for pyrite analysis was
vacuumed and stored in the -20°C freezer to avoid oxidation (Table 23).
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12.2.2 Onboard Chemical Analyses

Analyses for total alkalinity (TA) were carried out on board using a METROHM titration unit 916- ti
touch. TA was determined by titration with 0.02 N HCl using a methyl red indicator. The solution was
bubbled with argon to remove CO, and H,S gas released during the titration. Onboard analyses for
chloride (Cl) were carried out using a METROHM titration unit SIS665. The Cl concentration was
determined with AgNO; and a K-Chromat and K-Dichromat indicator. IAPSO seawater standard was
used for both onboard titration methods to check the reproducibility and accuracy of the chemical
analyses. The error (+1 SD) of the Cl and TA analyses amount to 22 mM (+0.3 %) for Cl and + 0.05 mEq.
dm?3 (+2 %) for TA according to replicate analyses of the IAPSO standard. Onboard analyses for
ammonium (NH;*) were carried out using a Hitachi U2800A spectrophotometer applying a calibration
curve with eight standards covering the concentration range between 0 and 332.62 uM. Aliquots for
NH,4* analyses were diluted with Milli-Q water prior to measurements by factors between 2 and 10 in
order to bring the concentration in the calibration range. Replicate onboard analyses of samples and
ammonium standards suggest an error of 5 % for the determination of NH,; concentrations. The
ammonium and chloride determinations are compromised when dissolved sulfide occurs at high
concentrations (>1 mM). Hence, sulfide was removed from sulfide-rich samples taken at active seep
sites prior to analysis. Sulfide was either removed by bubbling with argon gas (10 min., prior to
ammonium analysis) or by acid addition (1:1 dilution with 0.05 N HNOs followed by overnight storage
in open vials at 4°C in the cold room, prior to Cl determination). Towards the end of the cruise the
procedure was updated. Subsamples were first acidified (1:1 dilution with 0.05 N HNOs), then bubbled
with argon gas for 10 minutes, and subsequently used for both, TA and Cl analyses. Samples from
MeBo Hole 138 and GC22 were treated in this way. Repeated tests showed that the slope of the NH,4
calibration curve was not affected by acid addition.

12.3 Preliminary Results
12.3.1 Site Statistics and Subsampling

Samples taken and analyzed by the geochemistry group are listed in Table 24. Corresponding locations
and core recoveries can be found in the station list. About 500 samples were processed during the
cruise. 13 additional water samples were taken with Rhizon in sections containing gas hydrate. These
Rhizon samples were taken after gas hydrate was fully dissociated.

Table 24: Number of samples taken and analyzed during MSM57.

Station Location TA | NH; | Cl IC ICP TH,S | 6'3C | Sr/B- 680/ | Sedi-
-DIC | Iso. ED ment
Leg 1
GC-1 Lunde, non-seep 28 | 28 0 26 26 28 28 28 0 28
GC-2 Lunde, non-seep 26 | 26 0 26 26 26 26 26 0 26
GC-3 Reference 14 | 14 0 14 14 14 14 14 0 14
MeBo125 Lunde, non-seep 9 8 0 9 9 9 9 9 0 9
GC-6 Lunde, Seep 14 | 14 0 17 17 14 14 14 11 17
MeBo126 Reference 28 | 28 28 27 26 28 27 27 24 28
MeBo127 Lunde Pockmark 5 4 0 3 3 5 5 5 3 5
GC-8 Lunde Pockmark 3 0 3 3 3 3 0 3 0 3
GC-9 Lunde, seep 7 8 20" 14 14 8 8 8 18 9
GC-10 Reference 13 | 13 11 13 13 13 13 13 0 13
MeBo128 Lunde Pockmark 9 9 7 9 9 9 9 8 9 9
GC-11 Lomvi-seep 6 6 6 6 6 6 6 6 6 6
GC-12 Lomvi-seep 11 | 11 13* 13 13 11 11 11 12 11
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Leg 2

MeBo0129-1 | CM 1,404 m 8 7 9 7 7 9 9 5 2 9
MeBo 129-2 | CM1, 404 m 5 4 6 5 5 4 2 3 2 6
GC-14 CM4, 405 m 14 | 14 14 14 14 14 14 12 13 14
MeBo132 CM4, 405 m 5 2 6 3 3 0 0 0 2 6
GC-15 CM4, 405 m 7 7 7 7 7 7 0 0 0 7
MeBo133 CM5, 391 m 9 9 9 9 9 9 9 5 0 9
MeBo134 CM5, 391 m 10 | 10 10 10 7 6 5 9 9 10
MeBo135 CM3, 446 m 16 | 16 16 16 15 10 12 11 0 16
GC-16 CM3, 445 m 13 | 13 13 13 13 13 13 13 0 13
MeBo136 CM3, 445 m 27 | 27 27 25 25 0 16 15 10 27
MeBo137 CM6, 340 m 16 | 16 16 12 8 10 7 18
GC-17 CM6, 338 m 4 4 4 0
GC-18 Svyatogor Ridge 20 | 20 20 20 20 0 0 0 0 20
MeBo138 Lunde Pockmark 25 | 25 25 25 25 25 23 23 24 25
GC-19 Lunde Pockmark 4 0 0 4 4 4 4 4 4 4
MeBo139 CM5, 391 m 27 | 27 30 27 26 12 15 20 19 34
GC-20 Svyatogor Ridge 12 | 12 0 12 12 12 0 0 0 12
GC-21 Svyatogor Ridge 15 | 15 0 15 15 15 0 0 0 15
MeBo140 CM7,402 m 58 | 59 59 59 57 24 35 33 39 60
GC-22 CM5, 391 m 19 | 19 19 19 19 19 18 0 17 19

* 11 additional samples from Rhizon after gas hydrate completely dissociated and 1 additional squeeze cake taken the next day
+ 2 additional samples from Rhizon after gas hydrate completely dissociated

12.3.2 Preliminary Results

Depths of sulfate-methane-transition-zone and the supply of methane

From the profiles of total alkalinity, we can estimate the depth of sulfate methane transition zone
(SMTZ), where both sulfate and methane are exhausted due to AOM, at the horizon where total
alkalinity is the highest. Our estimated SMTZ corresponds well to the depth where methane
concentration starts to increase at each site (see Chapter 13). The actual SMTZ has to be confirmed by
further onshore analyses of sulfate concentration. We observed the shallowest SMTZ (0.5 to 1.5 mbsf)
from the pits of the two pockmarks (GC-6, GC-8, GC-9, GC-11, GC-12, MeBo127, MeBo128, and
MeBo138; Figs. 72B, C, E) where methane supply is the strongest. Gas hydrates and authigenic
carbonates were usually recovered from these cores. For the sites in the pockmark but not directly
associated with strong seeping (GC-1, GC-2, and MeBo0125), the depths of SMTZ range between three
to six meters. No gas hydrates were recovered from these sites. Occasional authigenic carbonate
nodules and /or concretions were found. For the sites outside of the pockmark (GC-3, GC-10,
MeBo0126), SMTZ is usually beyond the recovery of gravity cores (> 5 mbsf). Both gas hydrate and
authigenic carbonates were absent from these sites. In the sediments of these sites, a common
observation are the black patches, presumably mono-sulfide minerals. These black patches may
indicate weak but not absent sulfide production. Organic matter-coupled sulfate turnover might be
responsible for such weak sulfide production.
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Figs. 72A, B: onboard analyses of ammonium, chloride, and total alkalinity (TA). Symbols with thick outlines
represent samples with potential influence from gas hydrate dissociation.

Reduction of total alkalinity below SMTZ and at depth

Below our proposed depths of SMTZ, total alkalinity slightly decreases with depth in most of the sites.
From the two MeBo drillings that recovered sediments from greater depth (MeBo125 and MeBo126),
we can confirm such reduction continues to greater depth. Precipitation of authigenic carbonates may,
to some degree, explain such reduction, especially for the section immediately below SMTZ. Nodules
and/or concretions of authigenic carbonates were found often below the depth SMTZ, which supports
our interpretation. Further shore-based analyses of cation concentrations and the carbon isotopic
signature of dissolved inorganic carbon are planned to further understand the processes that govern
the carbon cycles at these sites.

Gas hydrate dynamics inferred from chloride profiles.

Some of the pore water samples were taken specifically to target sections with gas hydrate. After gas
hydrates were fully dissociated from either half round or whole round cores, we sampled the pore
water mostly via rhizons and a few samples via squeezing. The comparison of the chloride content

86



R/V MARIA S. MERIAN Cruise Report MSM57 Pore Water Geochemistry

from these samples with the IR images suggest very dynamic gas hydrate system in the pockmarks (see
Chapter 10). A common observation among different hydrate-containing sites is the dilution of
chloride concentration in the sections with hydrate and enrichment in chloride either above and below
such hydrate layer. One best example is the profile from GC-9. Pore water samples taken from the core
interval showing cold temperatures in the IR images show chloride reduction up to ~250 mM
comparing to the samples without hydrate (Fig. 72B).
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Figs. 72C, D, E: onboard analyses of ammonium, chloride, and total alkalinity (TA). Symbols with thick outlines
represent samples with potential influence from gas hydrate dissociation.

Immediately above the gas hydrate bearing interval, chloride content is as high as 633 mM, 78 mM
more than the seawater concentration. As the depth decreases, the enrichment of chloride decreases
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but is still significantly higher than seawater concentration even in the shallowest sample at 25 cmbsf,
whose chloride concentration is 572 mM. The linear diffusional profile above 335 cmbsf suggests that
the pore water system is in a quasi-steady state and that methane supply is sufficient to sustain rapid
hydrate formation over a period of time. Future modeling work can provide estimation of gas hydrate
abundance and the rate of hydrate formation from the two pockmarks.

Such enrichment is further confirmed by the MeBo sites targeting the seismic reflector in Lunde
Pockmark: MeBo127, 128, 138 (Fig. 72E). By comparing the chloride profiles from these three sites and
the background site outside of the pockmark footprint (MeBo126), we observed a continuous chloride
enrichment from the top of the site down to approximately 16 mbsf with the highest chloride
concentration of 890 mM (Fig. 73). Interestingly, right below the depth with the highest chloride
enrichment (with a 2-meter unrecovered gap), we recovered sections with carbonate-cemented
sediments (sections 10—12 with total length of about 1 meter). The role of this carbonate layer with
respect to fluid flow and gas hydrate dynamics is of great interest. While the low porosity and
permeability of carbonate itself stop any transport of fluid, fractures in the carbonate are great
conduits for fluid. The interpretation of such positive anomaly in chloride is difficult as one would need
very rapid hydrate formation, much faster than the chloride diffusion, to create such positive anomaly.
Either massive hydrate was present in the 2-meter gap that we were not able to recovery, or massive
gas hydrate growth happened in the fractures of the carbonate-cemented sediments is still not clear.
Lateral transport of fluid is another alternative to explain such enrichment. In this case, the carbonate-
cemented sediments clogged the conduits for fluid transport. The source of such hyper-saline fluid
might not be directly beneath our drilling sites.
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We made an estimation of the saturation of gas hydrate from Lunde and Lomvi Pockmarks based
on the available chloride profiles (Fig. 74). The baseline profile is from the non-hydrate samples. We
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used a first-order regression for the three gravity cores and a four-order polynomial regression for the
three MeBo cores. By comparing the baseline with the chloride content in the samples with gas hydrate
present, we estimated the gas hydrate saturation assuming a binary mixing. The saturation is between
3-42% of pore space with the highest saturation estimated from GC-09 in Lunde Pockmark. Later
refinement of this estimation is needed by including seawater contamination correction and
considering porosity.
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Fig. 75: Dissolved ammonium (NH,) and total alkalinity (TA) in pore fluids recovered at the Svyatogor Ridge.
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Svyatogor Ridge

In contrast to the pockmarks Lunde and Lomvi, pockmarks on the Svyatogor Ridge showed no
indication for active gas seepage. The TA pore water profiles confirm that methane does not reach the
surface sediments sampled by the gravity corer (Fig. 75). It may be possible to penetrate into the
methane-sulfate transition zone and the underlying methane-bearing sediments employing MeBo or
other deep-reaching drilling devices.

Upper continental slope off Svalbard

Sediments were taken at the up-dip limit of the gas hydrate stability zone (GHSZ) off Svalbard where
intense gas seepage occurs that has been attributed to the destabilization of gas hydrates due to the
recent warming in the Arctic for the past 30 years. The modern base of the GHSZ is located at around
400 m water depth considering a mean annual bottom water temperature of 3°C and salinity of 35 PSU.
In the past, it was possibly located at larger depths assuming mean bottom water temperatures were
lower than today. A subsequent rise in temperature may have induced gas hydrate dissociation
(melting) that in turn contributed to the gas seepage observed at the modern seafloor around 400 m
water depth. Hydrate dissociation reduces the salinity of ambient pore fluids because fresh water is
released into the pore space where hydrates dissociate. The data indeed show strong Cl depletions at
around 17-23 m sediment depths in cores taken at the up-dip limit of the modern GHSZ (Fig. 76A).
This observation points towards hydrate melting. However, the depth of the Cl depletion and the Cl
gradients in the overlying sediment sequence indicate that hydrate melting took place several
thousands to hundreds of years ago. The warming that has been observed over the last three decades
could only affect hydrates residing at shallower depth and would not produce the gradual decrease in
chloride observed over the top 15 m of the sediment column. In contrast, the intriguing Cl changes at
0—4 m sediment depth observed in GC-22 (Fig. 76A) might be related to more recent hydrate dynamics
driven by e.g. seasonal changes in bottom water temperature. The deeper station at 445 m water
depth also showed a continuous down-core decline in dissolved Cl over the top 15 m that may point
towards hydrate melting at larger sediment depths that were, however, not drilled during the MeBo
deployment (Fig. 76B). The MeBo core taken at shallow water depths (340 m) above the modern GHSZ
features no Cl depletion (Fig. 76B). Pore fluids will be further analyzed at GEOMAR and CAGE to
decipher the distribution and origin of Cl depletions. Cl will be reanalyzed using ion chromatography,
sulfate will be determined to detect contamination by seawater, and water samples will be analyzed
for 8D and 60 to characterize the freshwater source. Numerical modeling will be conducted at
GEOMAR and CAGE to investigate different scenarios (bottom water warming, isostatic rebound,
injection of warm fluids, etc.) that may have induced gas hydrate dissociation and caused the observed
Cl depletions.
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Fig. 77: Total alkalinity (TA) in pore fluids recovered at the upper continental slope off Svalbard. A. Samples
taken at the up-dip limit of the GHSZ. B. Samples taken above and below the up-dip limit of the GHSZ.

Dissolved ammonium increased gradually with sediment depth (Fig. 78). The down-hole increase
was probably induced by the slow degradation of N-bearing organic matter. NH, profiles showed the
same pattern between 391 and 445 m water depth. This homogeneity may indicate that similar types
and amounts of organic matter accumulate over this depth range. Elevated NH, values at the 340 m
site. may reflect enhanced input of organic matter at shallow water depths (Fig. 78B). The
determination of POC and total N contents in sediments and numerical modeling at GEOMAR will shed
further light on the organic matter turnover and mean sediment accumulation rates in the study area.

91



R/V MARIA S. MERIAN Cruise Report MSM57

Pore Water Geochemistry

NH, (uM)
0 300 600 900 1200
0 |* 1 " 1 1 " 1 "
5001 Ty egy
e 3
ol
— 1000 4 !
& "’-’% a
— E&
£ 1500+ o
a go
3 B
_ . . L Bgl
Gl 391 m "
402 m ¥ og
405 m g0
2500 - ! . . = - -
Onp

1

NH, (M)
300 600 900 1200

[

% B

Noep .
~ Y,
’ .
-
L ]
|®
| .
340 m

445 m

O GC16 ® MeBo135 ® MeBol137 |

N GC22 M MeBo134 @ MeBo133 + MeBo139
®X GC15 + GC14 A MeBo129-2 @ MeBo129-1

O MeBo140

Fig. 78: Dissolved ammonium (NH,) in pore fluids recovered at the upper continental slope off Svalbard. A.
Samples taken at the up-dip limit of the GHSZ. B. Samples taken above and below the up-dip limit of the GHSZ.

92



R/V MARIA S. MERIAN Cruise Report MSM57 Gas and Gas Hydrate Analysis

13 Gas and Gas Hydrate Analysis
(T. Pape, J. Malnati, M. Lange)

13.1 Introduction

Generation of light hydrocarbons, such as methane, in the deep subsurface followed by upward
migration results in methane enrichment in overlying sediments. In case methane concentrations
exceed solubility, gas hydrates might form at relatively low temperature and high pressure conditions
(Fig. 79 left) in the so-called gas hydrate stability zone (GHSZ).

In sediments overlying gas hydrates methane is consumed via the microbially-mediated sulfate-
dependent anaerobic oxidation of methane (e.g., Barnes and Goldberg, 1976; Hoehler et al., 1994;
Reeburgh, 1976) in a distinct zone called the sulfate-methane transition (SMTZ, Fig. 79 right). The
position of the top of the gas hydrates (ToGH) and that of the SMTZ are controlled by the gas flux
intensity and the concentration gradient between the top of the GHSZ and the methane-depleted
seawater (Bhatnagar et al., 2008; Borowski et al., 1996).
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Fig. 79: Left: Typical profiles of water and sediment temperature as well as hydrate phase boundary that jointly
define the extent of the Gas Hydrate Stability Zone (GHSZ). Right: General zonation of methane and sulfate in
methane-rich marine sediments and relative positions of the sulfate-methane-transition zone (SMTZ) and the
top of the gas hydrates.

Although a great portion of dissolved gas is lost during retrieval of the sediment in non-pressure
vessels from the seafloor and subsequent sample preparation on deck, determination of ex-situ
methane profiles enables assessment of both, methane distributions in the subsurface and positions
of the SMTZ (and potentially of the ToGH, respectively). However, because of their comparably low
abundances, concentrations of non-methane hydrocarbons in unpressurized cores are usually close to
detection limits when conventional gas chromatography analysis is used. Pressure core sampling and
subsequent controlled degassing is the only means that enables accurate determination of in-situ
concentrations of light hydrocarbons (see chapter 14).

So far, two hydrate crystal structures (sl and sll) were abundantly found in nature with hydrate sl
being the most widespread (e.g., Sloan, 2003). Hydrate crystal structures sll is more stable than sl, i.e.
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it can also exist at comparably lower pressure and higher temperature conditions. While volatiles in sl
hydrates consist of methane and ethane only, sll hydrates additionally contain propane and isomers
of butane in relevant concentrations. Therefore, the crystal structure of a given hydrate piece, its
stability and spatial distribution, respectively, can be assessed when molecular compositions of the
hydrate-bound volatiles are known. Hydrates are a compact reservoir of light hydrocarbons which
facilitate precise determination of their molecular and isotopic compositions at a given site.

Moreover, molecular compositions of light hydrocarbons bear information on the formation
processes of light hydrocarbon. While microbial light hydrocarbons formed at relatively shallow depth
below seafloor consist of methane (C;) and much smaller amounts of ethane (C;) only, thermogenic
hydrocarbons generated at greater sediment depth are characterized by significant fractions of C; to
Ce-hydrocarbons. Therefore, the molecular ratio of methane vs. higher hydrocarbons (C1/C,:) enables
assessment of the predominant source and formation depth, respectively (e.g., Bernard et al., 1976).
Even more detailed information on formation processes of light hydrocarbons can be gained from the
stable carbon and hydrogen isotopic signatures (§13C, §2H; Schoell, 1988; Whiticar, 1999).

Major objectives of the gas analysis works during cruise MSM57 were:

e to analyze molecular compositions of light hydrocarbons contained in gas hydrates and void gas
in order to characterize formation processes and depths, hydrate crystal structures, stabilities
etc.;

e to determine ex-situ concentration profiles of dissolved methane in order to assess methane
distributions, positions of SMTZ, and respective methane flux in the working areas;

e to prepare high concentration methane samples for isotopic analysis in the MARUM lab.

13.2 Methods

Sampling and preparation

For analysis of methane dissolved in pore water, a modified headspace technique after Kvenvolden
and McDonald (1986) was used. 3 ml of bulk sediment retrieved either with MeBo70 or with a
conventional gravity corer were transferred to 20 ml glass vials prefilled with 5 ml NaOH, thereby
creating a headspace volume of 12 ml. For all MeBo cores, sediment samples were taken from the
lowermost part of each liner immediately after removal of the pilot chuck and the core catcher (2.5 m
vertical resolution). Assuming that highest methane concentrations were present in deep sediments,
which therefore would be affected most by sediment degassing, sampling of MeBo cores was started
with the deepest core barrels. For gravity cores in rigid PVC liners, samples were taken from the
segment cuts (1 m vertical resolution). Additional samples were taken with respect to conspicuous
lithological changes and/or sampling for pore water extraction. Considering different durations until
cores are accessible for sampling, ex-situ concentrations obtained for MeBo cores might be generally
lower compared to those obtained for gravity cores.

Gas that accumulated in sediment fractures or created voids (‘void gas’) was collected for
subsequent analysis of its molecular composition. For this, a butyl rubber septum was placed on the
liner and holes of 1 mm in diameter were drilled through the septum into the liner thereby minimizing
escape of void gas and/or inflow of air from/to the liner. Gas was gathered by inserting a cannula
attached to a plastic syringe through the septum into the core liner. The void gas was transferred into
glass serum vials that were prefilled with saturated NaCl solution.
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For preparation of hydrate-bound gas, hydrates were transferred into a plastic syringe and left for
dissociation. The released gas was transferred into glass serum vials that were prefilled with saturated
NaCl solution. Additional gas samples were obtained during controlled degassing of the MeBo pressure
vessels (MDP, for methodology see Chapter 14).

In total 398 (GC: 159, MeBo: 239) headspace gas samples, 158 samples of hydrate-bound gas, 25
void gas samples, and 16 gas samples retrieved from pressures cores (MDP, for method see Chapter
14) were prepared and analyzed during MSM57.

Onboard analysis of concentrations of methane and molecular gas compositions

The gas samples were analyzed onboard for their molecular compositions and methane concentrations
with a two-channel 6890N (Agilent Technologies) gas chromatograph (GC; Pape et al., 2010). Light
hydrocarbons (C; to Cs) were separated, detected, and quantified with a capillary column connected
to a Flame lonization Detector, while permanent gases (O,, N2, CO;) as well as C; and C; hydrocarbons
were determined using a stainless steel column packed with mole sieve and coupled to a Thermal
Conductivity Detector. Calibrations and performance checks of the analytical system were conducted
regularly using commercial pure gas standards and gas mixtures. The coefficient of variation
determined for the analytical procedure is lower than 2%.

Stable carbon and hydrogen isotopic compositions of methane (8'3C-CH4, 6%H-CH4) will be
investigated at the MARUM for a detailed source assignment on samples characterized by elevated
(> ca. 0.2 mM) methane concentrations.

13.3 Preliminary Results
13.3.1 Working Area Vestnesa Ridge

13.3.1.1 Ex situ Concentrations of Dissolved Methane
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Fig. 80: Ex-situ concentration profiles of dissolved methane at reference sites distant to pockmarks.
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At Vestnesa Ridge two reference sites distant to pockmarks were investigated for distributions of
dissolved methane during MSM57. Gas hydrates were absent in cores recovered from both sites. At
reference site GC-10 located between Lunde and Lomvi Pockmark methane was virtually absent in the
uppermost six meters of sediment (Fig. 80), i.e. this gravity core did not penetrate the SMTZ. At
reference site GC-3/MeB0126 located ca. 3.4 km SE of Lomvi Pockmark dissolved methane was present
in sediments deeper than 5.84 mbsf. MeBo126 revealed a strong increase in concentrations of
dissolved methane between 6.22 mbsf and 13.88 mbsf (4.3 mM) and below that interval slightly
decreasing concentrations with increasing depth down to the deepest sample at 59.10 mbsf (2.1 mM).
Corresponding shapes of profiles for dissolved methane and total alkalinity (Chapter 12) established
for sedimentary sequences of GC-3 and MeBo0126 suggest that the SMTZ at this site was positioned at
about 8 mbsf.

Lunde Pockmark

Lunde Pockmark ‘northeast’ (non-hydrate-bearing)

Two gravity cores and cores from a MeBo hole established at the north-eastern edge of Lunde
Pockmark were sampled for gas analysis. Gas hydrates were not observed in these cores. Both gravity
cores, GC-1 and GC-2, showed methane enrichments below ca. 2.7 mbsf with maximum concentrations
of ca. 11 mM in GC-1 at about 580 cmbsf (Fig. 81). In the accompanying core MeBo125 highest
methane concentrations up to about 4.9 mM were found in the uppermost 8.8 meters of sediment.
Below that depth methane concentrations varied between ca. 2.6 and 3.6 mM. Higher ex-situ
concentrations of dissolved methane in samples collected with gravity cores compared to those
prepared from MeBo cores might result from relatively faster accessibility to gravity cores and, thus,
faster preservation of samples in general.
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Fig. 81: Ex-situ concentration profiles of dissolved methane at the north-eastern edge of Lunde Pockmark.
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Lunde Pockmark ‘southeast’ (hydrate-bearing)
Two gravity cores, GC-6 and GC-9, recovered from the south-eastern edge of Lunde Pockmark were

sampled for gas analysis. Gas hydrates were found below ca. 260 cmbsf in GC-6 and below ca. 450
cmbsf in GC-9.

Both gravity cores showed an increase in methane concentrations up to about 9.8 mM (Fig. 82)
between ca. 50 and 140 cmbsf and 70 cmbsf and 180 cmbsf, respectively. A local methane depletion
was observed in the interval between about 190/210 cmbsf and 270/290 cmbsf, which in the case of
GC-6 also comprised occurrences of gas hydrates. In GC-9, a significant enrichment in dissolved
methane (up to ca. 20 mM) at 377 cmbsf was measured. Corresponding shapes of profiles for dissolved
methane and total alkalinity (Chapter 12) established for cores GC-6 and GC-9 suggest that the SMTZ
at this site was positioned at about 0.5 mbsf.
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Fig. 82: Ex-situ concentration profiles of dissolved methane at pockmarks at the SE edge of Lunde Pockmark.

Lunde Pockmark ‘southwest’ (hydrocarbon seepage site, hydrate-bearing)

Cores/Sedimentary sequences from three MeBo holes, MeBo127, -128, -138 drilled at the south-
western edge of Lunde Pockmark, where seafloor hydrocarbon discharge was observed, were sampled
for gas analysis. At this site Gas hydrates were found at about 50 cmbsf (GC05), 80 cmbsf (MeBo127),
and 650 cmbsf (MeBo128).

Due to poor core recovery with from holes MeBol27 and MeBo128 an ex-situ methane
concentration profile in high resolution was only obtained for cores from hole MeBo138 (Fig. 83).
Methane concentrations in these sediments varied strongly between 0.6 mM and 7.4 mM with several
local concentration maxima and minima. Highest methane concentrations measured at 1.04 mbsf
suggest a very shallow SMTZ at this site, which is also inferred from total alkalinity profiles (Chapter
12).
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Fig. 83: Ex-situ concentration profiles of dissolved methane of MeBo holes drilled at the south-western edge of
Lunde Pockmark.

Lomvi Pockmark
Three gravity cores from Lomvi Pockmark (GC-8, GC-11, GC-12) were sampled for methane

concentrations. Gas hydrates were found at depths below ca. 150 cmbsf in GC-11 and ca. 240 cmbsf
in GC-12.

In GC-11 from the north-eastern edge of Lomvi Pockmark concentrations of dissolved methane
strongly increased from 0.03 mM at 50 cmbsf to 5.9 mM at 73 cmbsf (Fig. 84). Methane concentrations
decreased with increasing depth down to ca. 130 cmbsf, while maximum concentrations of ca. 16 mM
were measured close to the base of the gravity core (165 cmbsf), where hydrates were present. For
core GC-12 recovered from a pit in the western sector of the pockmark, increasing methane
concentrations with increasing sediment depth were observed between about 80 and 160 cmbsf (ca.
4 mM). A single peak with concentrations up to 14 mM was found at 170 cmbsf. Below that depth
relatively uniform concentrations were observed, except for the deepest sample
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Fig. 84: Ex-situ concentration profiles of dissolved methane in gravity cores collected at Lomvi Pockmark.
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13.3.1.2 Molecular Composition of Light Hydrocarbons at Vestnesa Ridge

Molecular compositions of light hydrocarbons at Vestnesa Ridge could be determined for several sites
of investigation that are characterized by different intensities of gas flux from below, including sites of
gas seepage and non-seepage sites considered as reference (Fig. 85). The sample set comprised
different high-purity gas types including hydrate-bound gas, void gas and gas prepared from the MeBo
pressure vessels (MDP).

The deepest gas sample from the reference site (MeBo0126) that was collected at the base of the
borehole with the MDP was characterized by a comparably low C;/C,. ratio suggesting prevalence of a
thermogenic source. Remarkably, void gas samples from overlying sediments showed an increase in
C1/Cy+ with decreasing depth between ca. 59.1 mbsf (C1/C,. ca. 480) and 48.2 mbsf (C1/Cy+ ca. 2.730),
i.e. relative enrichments of methane compared to non-methane hydrocarbons. This data suggests
microbial methane production in respectively shallow sediments at this site.

Void gas samples collected during MeBo125 from the northeastern edge of Lunde Pockmark, where
neither seafloor gas seepage nor the presence of shallow hydrates were recorded, showed a similar
trend in C1/Cy. ratios in the interval between 18.1 and 15.7 mbsf, with higher relative proportions of
methane in shallower sediments.

Gas prepared from hydrates present in shallow sediments at the southwestern and southeastern
edges of Lunde Pockmark and at Lomvi Pockmark was characterized by low C;/Cs. ratios (< 425) as
well. The similarity in molecular hydrocarbon composition of gas in deep sediments at the reference
site and that bound in shallow hydrates suggests that pockmark-associated hydrates are fuelled by
thermogenic hydrocarbons from greater depth. Considering the abundant presence of non-methane
hydrocarbons it might be assumed that hydrate structure sll is the dominant hydrate crystal structure
at Lunde and Lomvi Pockmark.
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Fig. 85: Molecular hydrocarbon composition of the different gas types collected at the Vestnesa Ridge. Void =
void gas; MDP = gas released during degassing of the MeBo pressure vessel; Hyd.-bd. = hydrate-bound gas.
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13.3.2 Working Area Svyatogor Ridge
13.3.2.1 Ex situ Concentrations of Dissolved Methane

Vertical methane concentration profiles are available for three gravity cores collected at the Svyatogor
Ridge (Fig. 86). While GC-18 and GC-21 that penetrated the uppermost 478 cm and 406 cm of
sediment, respectively, did not show significant methane concentrations, slight methane enrichments
were detected below approximately 240 cmbsf in GC-20 approaching 0.3 mM at 544 cmbsf.
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Fig. 86: Ex-situ concentration profiles of dissolved methane in gravity cores recovered from Svyatogor Ridge.

Due to only low-concentrated headspace samples from that region, precise molecular gas
compositions could not be determined.

13.3.3 Working Area Upper Continental Slope off Svalbard
13.3.3.1 Ex situ Concentrations of Dissolved Methane

Reference site (436 m water depth)
The only core recovered from the reference site (‘CM’) at the continental margin off Svalbard, GC-13,
showed negligible amounts of dissolved methane in the uppermost 200 cm (Fig. 87).
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Fig. 87: Ex-situ concentration profiles of dissolved methane in GC13 recovered from the reference site off
Svalbard.
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Within the up-dip area of the GHSZ

Continental Margin Site 1 (404 m water depth)

The composite record of MeBo129-1and 129-2 showed a strong increase in ex-situ concentrations of
dissolved methane between about 330 mbsf and 790 cmbsf (Fig. 88). In deeper sediments methane
concentrations varied between 1.0 and 5.8 mM, with maximum concentrations detected at 11.3 mbsf.
Because of the relatively dense sampling, several depth levels, where methane enrichments and
depletions occurred could be documented.

Corresponding shapes of profiles for dissolved methane and total alkalinity (Chapter 12) established
for MeBo0129-1 and -2 suggest that the SMTZ at this site was positioned between about 3.0 and 5.5
mbsf.
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Fig. 88: Ex-situ concentration profiles of dissolved methane at MeBo sites from Continental Margin Site 1 off
Svalbard.

Continental Margin Site 4 (405 m water depth)

Two gravity cores and two MeBo sites were sampled for gas analysis from Continental Margin Site 4
located only a few hundred meters NE of Continental Margin Site 1. Similar to observations at the
latter site, methane was nearly absent in GC-14 and GC-15 that penetrated the uppermost 2.87 m and
1.26 m, respectively, as well as in the shallowest sample from MeBo130 (Fig. 89). Enrichments in
dissolved methane between 3.1 and 3.7 mM were found at 12.96 mbsf at MeBo130 and at 20.30 mbsf
and, remarkably, at 0.96 mbsf at MeBo132 .
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Fig. 89: Ex-situ concentration profiles of dissolved methane of sediments recovered from Continental Margin
Site 4 off Svalbard.
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Continental Margin Site 7 (402 m water depth)

A single MeBo hole, MeBo140, was recovered from Continental Margin Site 7, positioned in an area
characterized by gas seepage in the NW sector of the working area. Elevated methane concentrations
(> 0.7 mM) were measured throughout the hole from 2.9 to 26.5 mbsf (Fig. 90). Between 5.5 mbsf and
ca. 20 mbsf concentrations scattered between 1.4 and 6.4 mM with peaks e.g. at 7.6 mbsf and 19.6
mbsf. Below that interval concentrations showed only slight variations around 2 mM.
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Fig. 90: Ex-situ concentration profiles of dissolved methane from Continental Margin Site 7 off Svalbard.

Continental Margin Site 5 (391 m water depth)

At continental Margin Site 5, located in an area characterized by strong seafloor gas seepage, one
gravity core and three MeBo holes were sampled for gas analysis. GC-22, MeBo133 and 139 showed
that the uppermost ca. 3.8 meters of sediment were nearly devoid of dissolved methane (Fig. 91).
MeBo133 and MeBo0139 additionally showed a steep methane concentration gradient between about
5.6 mbsf and 8.6 mbsf. Below that interval a trend of decreasing concentration with increasing depth
becomes apparent although concentrations scattered remarkably. At several depths local enrichments
of methane were observed (e.g., MeBo134: 12 mbsf, 21 mbsf; MeBo139: 18 to 19.5 mbsf).
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Fig. 91: Ex-situ concentration profiles of dissolved methane recovered from Continental Margin Site 5 off
Svalbard.
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Considering profiles of ex-situ methane concentrations and total alkalinity (Chapter 12) it might be
assumed that the SMTZ at Continental Margin Site 5 is positioned at about 5 mbsf.

Above and below the up-dip limit of the GHSZ

Continental Margin Site 3 (445 m water depth)

At Continental Margin Site 3, located below the up-dip limit of the GHSZ, one gravity core and two
MeBo holes were analyzed for distributions of methane (Fig. 92). While all three records indicated the
virtual absence of methane in the uppermost ca. 10 meters of sediment, a steep increase in methane
concentrations between about 10.5 mbsf and 15.4 mbsf was measured at MeBo135 and -136. Highest
methane concentrations of about 6.5 mM were found at the base of MeBo136 at ca. 37 mbsf. At two
specific depth levels, at about 23.3 and 25.9 mbsf, local methane enrichments separated by a
conspicuous methane concentration minimum at ca. 25.8 mbsf were observed.
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Fig. 92: Ex-situ concentration profiles of dissolved methane from Continental Margin Site 3 positioned below
the up-dip limit of the GHSZ off Svalbard.

Profiles of methane concentrations and total alkalinity (Chapter 12) established for MeBo135
suggest that the SMTZ at Continental Margin Site 3 is positioned between about 8 and 10 mbsf.

Continental Margin Site 6 (340 m water depth)
One gravity core and a corresponding MeBo hole recovered from Continental Margin Site 6, that is

located above the up-dip limit of the GHSZ, were analyzed for methane concentrations (Fig. 93).
Methane was absent in the uppermost ca. 4 meters of sediment but approached a local concentration
maximum at ca. 6.0 mbsf. A position of the SMTZ at about 4.0—4.5 mbsf at this site could also be
inferred from the total alkalinity profile (Chapter 12). A second level of methane enrichment was found
close to the base of MeBo137 at ca. 19.3 mbsf. However, due to poor core recovery methane
distributions between 9 mbsf and 19 mbsf could not be determined.
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Continental Margin Site 6
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Fig. 93: Ex-situ concentration profiles of dissolved methane from Continental Margin Site 6 situated above the
up-dip limit of the GHSZ off Svalbard.

13.3.3.2 Molecular Composition of Light Hydrocarbons at the Upper Continental Slope off
Svalbard

At the continental slope off Svalbard only void gas samples from 1 and 7 were available for analysis of
molecular hydrocarbon compositions (Fig. 94). While Site 1 is located in a non-seepage area, Site 7 is
situated in an area where seafloor seepage was documented from several sites

C1/Ca. ratios exceeding 4,000 at both Continental Margin Sites suggest the prevalence of microbial
hydrocarbons. For samples from Site 7 a comparably great variability in C1/C,. ratios (4.400 to 13.500)
was observed (see also Fig. 85).
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Fig. 94: Molecular hydrocarbon composition of void gas collected during MeBo stations 129-1 and 140 at
Continental Margin Sites 1 and 7 at the upper continental slope off Svalbard.
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14 MeBo Pressure Coring System — Design, Deployment and Initial Results
(D. Wunsch, T. Pape and MeBo-Team)

A pressure coring system has been developed for the recovery of pressure sediment cores with the
sea floor drill rigs MeBo70 and MeB0200 within the German joint BMWi/BMBF-Project SUGAR. The
so-called MDP (MeBo Druckkern Probennehmer) core barrel is deployed like a wire-line inner core
barrel when quantitative sampling of gas from the sediments cored is required. The actual version of
the MDP was tested for the first time during Cruise S0247 off New Zealand with MeBo0200 in spring
2016 and technically improved then.

The main goal of the MDP deployments during MSM57-1 was to recover sediment cores under
ambient pressure for subsequent determination of in-situ gas volumes through controlled gas
release/pressure reduction. This information is typically lost when a core is recovered by conventional
means.

14.1 Technical Description

The pressure core barrel consists of (a) a cutting shoe or drill bit cutting the sediment core with the
required core diameter; (b) a piston using hydrostatic pressure to force the penetration of the core
into the core barrel; (c) a pressure housing and a valve that closes after the coring process in order to
maintain the in-situ pressure within the core barrel; (d) a core catcher that inhibits loss of sediment
before the valve is closed; and (e) a latching device that ensures the correct position of the pressure
core barrel within the MeBo drill string and activates closing of the valve when the core barrel is
recovered by means of an overshot using the wireline method.

Compared to conventional MeBo core barrels the MDP comprises a number of activation and lifting
mechanism required to achieve gas-tight sealing of the core inside the pressure vessel. This results in

a comparably smaller length and diameter of the core (Table 25).

Table 25: Specifications of MDP when deployed on MeBo70 platform.

Specification Unit
Outer Diameter 73 mm
Length 34m
Core Diameter 45 mm
Liner Length (theoretical max. core length) 13m
Operating Pressure 200 bar

The piston system supports core penetration into the liner and, thus, allows cutting a relatively
small core compared to the borehole diameter. Its functionality is based on the pressure gradient
between the pressure enclosed in the core barrel housing and the ambient pressure. This pressure
gradient controls movement of the piston that forces the sediment core into the liner at the same rate
as the core barrel is pushed into the sediment. Prior to the coring procedure the piston is locked
mechanically until a touch sensor gets into contact with the sediment at the bottom of the drilled hole
during the start of the coring process. Throughout the coring process the piston works like a syringe
driven by the hydrostatic pressure at the depth of the borehole. A damping system positioned above
the piston regulates the speed of the piston and also that of the incoming core.

105



R/V MARIA S. MERIAN Cruise Report MSM57 MeBo Pressure Coring System

After the core has been cut, the overshot is lowered into the drill string as in the case of a
conventional MeBo core barrel. After the overshot has latched onto the MDP locking mechanism the
wire-line is pulled. Before unlocking the MDP - and therefore enabling the recovery of the tool - the
sealing mechanisms are activated by an additional axial lift in the upper part of the tool. Valves above
and below the core are closed and the core is recovered under near in-situ conditions (Fig. 95).

Fig. 95: Sealed bottom valve of MDPs deployed at station GeoB21613-1 (cores 29P and 30P).

14.2 MDP Deployments

Four MDPs have been prepared for deployment during leg MSM57-1. Two MDPs were deployed at
station GeoB21613-1 (MeBo126) and one at station GeoB21616-1 (MeBo127). Due to operational
reasons in relation to the drilling program, it has been decided at short notice to cancel a fourth MDP
deployment. When recovered on deck all three pressure core barrels were found to be sealed
pressure-tight, i.e. maintaining near in-situ pressure (Table 26). However, while GeoB21613-1 (core
30P) and GeoB21616-1 (core 6P) contained sediments, GeoB21613-1 (core 29P) only recovered
pressurized fluids. The lack of sediments after the first coring run (GeoB21613-1, core 29P) was most
likely due to a technical malfunction of the piston system, which could have been caused by repeatedly
changing pressure regimes in the course of MeBo deployments at stations GeoB201604-1,
GeoB201608-1 and GeoB21610-1 when usage of the MDP was eventually cancelled.

Table 26: MDP deployments during MSM57-1 and specifications of cored sections.

Station (core barrel) Water Depth Coring Depth Recovery Sediment
Pressure recovery rate
[m] [mbsf] [bar] [%]
GeoB21613-1 (29P) 1200 60.3 113.8 0
GeoB21613-1 (30P) 1200 61.4 120.0 54
GeoB21616-1 (6P) 1210 12.8 107.1 49

The average sediment recovery rate of the three MDP deployments was 34.3%. This recovery rate
refers to the actually recoverable sediment core that enters the liner when the core is drilled.
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14.3 Initial Results from Core Degassing

In order to perform the core degassing procedure an assembly of gas-tight valves and ports (modified
after Dickens et al., 2003; Paull et al., 1996) and a pressure sensor for continuous monitoring of the
internal pressure were connected to the MDP pressure chamber. During Cruise MSM57-1 pressurized
fluid (gas and water) was released incrementally from the pressure chamber into a gas-tight, scaled
syringe for gas sub-sampling and determination of fluid volumes. Repeatedly, after release of a certain
gas aliquot, gas sub-samples were taken and transferred into glass serum vials for analysis of molecular
compositions.

Both sediment pressure cores obtained during MSM57-1 were degassed quantitatively while the
evolution of pressure inside the MDP pressure chamber was recorded (Fig. 96; Table 27).
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Fig. 96: Degassing characteristics of two pressurized sediment cores collected with MeBo70 during cruise
MSM57-1. Left: Pressure and cumulative fluid volume released vs. time during degassing of core 30P from
GeoB21613-1. Right: Pressure and cumulative fluid volume released vs. time during degassing of core 6P from
GeoB21616-1.

During degassing of both sediment cores a slight saw tooth-like shape of the pressure-time profile
was observed at the initial stage of incremental gas removal (time span ca. 5— 40 min). In earlier
studies this pattern was referred to the presence of gas hydrates (e.g., Dickens et al., 2003). However,
volumetric fluid to sediment ratios of ca. 1.3 and 1.0 (Table 27), respectively, are comparably low (e.g.,
Pape etal., 2011) and do not support the presence of hydrates in these cores. Instead, temporal small-
scale pressure increases during core degassing may be attributed to sudden formation of migration
pathways.

Table 27: Degassing characteristics of pressure cores (Total fluid volume = Total water volume + Total gas
volume).

GeoB Core no. Core Core Total water Total gas Total fluid Volumetric fluid
Station length volume volume volume volume - sediment ratio
released released released
[mm] [L] [L] [L] [L] Lt
21613-1 30P 550 0.8747 0.646 0.511 1.157 1.323
21616-1 6P 390 0.6203 0.249 0.351 0.600 0.967

n.d. = not determined
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Analysis of molecular composition demonstrated that gas released from core 30P nearly exclusively
consisted of light hydrocarbons, which predominantly originate from thermocatalysis of organic
matter in the deep subsurface (C1/C,+C3 = 253; Whiticar, 1999; Table 28).

Table 28: Average molecular composition of gas released from pressure cores during MSM57-1 (100 mol-% =
all volatiles stated).

GeoB Core no. CH4 Csz C3H8 C1/CZ+C3 N, 02/AI’
Station

21613-1 30P 79.88 0.31 0.01 253.0 16.58 3.23
21616-1 6P 43.92 0.04 b.d.l 1,000.0 46.59 9.45

b.d.l. =below detection limit (< 0.005 mol-%)

In contrast, nitrogen, oxygen and argon were found in relatively high portions in the gas released
from core 6P, GeoB21616-1. The presence of these components in the released gas was most likely
due to atmospheric air that is generally required for the functionality of the MDP piston system and
might be partially trapped inside the pressure chamber. Air is meant to be quantitatively released prior
to the sealing of the pressure vessel but residual amounts may still remain inside. Nevertheless,
molecular compositions clearly showed that microbial hydrocarbons (Ci/(C>+Cs) = 1,000) were
prevailing at that depth. Void gas prepared from shallower sediments recovered with conventional
MeBo barrels at both sites showed very similar molecular hydrocarbon compositions (see Chapter 13),
thus, demonstrating the high quality of the gas obtained with the MDP. Preliminary calculations
considering fluid volumes released during degassing, methane percentage in the fluid, and assumed
sediment pore volume in the core suggest that the released methane exclusively resulted from
exsolution caused by pressure reduction.

14.4 Post-Degassing Processing

Subsequent to degassing, i.e. when pressure inside the pressure chamber has dropped to atmospheric
pressure, the core liner containing the depressurized sediment core was removed from the pressure
chamber through the lower valve. A piston system was used to continuously push the core from the
MDP liner into an external liner in a sliding motion. Finally, the core was processed like a conventional
core (e.g. splitting, lithological description, line scan imaging, and storage).

14.5 Conclusions

During MSM57-1 the MDP pressure core barrel worked in the planned manner. Technical
modifications made after an intensive assessment subsequent to Cruise SO247 have increased
reliability and performance of the MDP significantly. Numerous processes have been prepared and
implemented in order to simplify communication between MeBo operators and MDP engineer.
Consistent and standardized documentation of coring runs during S0247 and MSM57-1 improved
knowledge about the MDP functionality and increased the chances of establishing MDP as a reliable
tool for advanced formation evaluation.
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15 Data and Sample Storage and Availability

Metadata of the cruise as well as the station list will be submitted to PANGAEA immediately after the
cruise. Sediment cores are stored at the MARUM GeoB Core Repository. Samples, data and other
information of the cruise are available upon request to the chief scientist Gerhard Bohrmann. In
addition, data (raw and processed) will be submitted to PANGAEA along with the scientific publication.
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Appendix 1
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18.2

Appendix 2: Heat Flow Values

Table Al: Calibration at Vestnesa Ridge.

614-
GeoB21602- |Calibration site Date: 02/08/2016
TLO1-
) Latitude Longitude |\yater Time in Time out  |Clear SF Wire

Penetration HP Remarks

(target position) Depth [m] [hh:mm:ss] |[hh:mm:ss] |[hh:mm:ss] |out [m]
TLO1-01 79°01.036' [6°53.741' |1216.5 No |17:57 52 Mounting of SVP probe

79°01.036' |6°53.737' 1216.8 No 18:16:10 1100 |At target depth

79°01.036' |6°53.739' 1217.8 No 18:36:40 1100 End of calibration time
General Comments: Posidonia not used;
HP: Heat-Pulse to measure in situ thermal conductivity
SF: Seafloor
all Times are reported in UTC (local ship time — 2 hrs)
Table A2: Vestnesa Ridge, Lunde and Lomvi Pockmark.
615-
GeoB21603- Date: 02/08/2016
TLO2-

) Latitude Longitude |\yater Time in Time out  |Clear SF Wire

Penetration HP Remarks

(target position) Depth [m] [hh:mm:ss] |[hh:mm:ss] |[hh:mm:ss] |out [m]
TLO2-01 79°00.577' |6°53.936' |1210 Yes |21:08:36 21.25.15 21:26:46 1216 |Probe to 1140 m for transit
TLO2-02 79°00.528' |6°54.151' 1212.6 No |21:52:28 22:00:30 22:02:40 1224 Probe to 1096 m for transit
TLO2-03 79°00.502' |6°54.614' 1216.3 Yes (22:39:18 22:56:56 22:58:48 1223 Probe to 1150 m for transit
TLO2-04 79°00.397' |6°54.864' 1208 No 23:40:48 23:48:10 23:49:42 1221 Probe to 10600 m for transit
TLO2-05 79°00.339' |6°55.170' 1207 Yes [00:17:55 00:33:18 00:34:50 1217 Probe to 1149 m for transit
TLO2-06 79°00.277' |6°55.538' 1210 No |01:01:40 01:10:33 01:12:05 1221 Probe to 1080 m for transit
TLO2-07 79°00.219' |6°55.610' 1211.5 Yes [01:39:35 01:56:06 01:58:02 1225 Probe to 1080 m for transit
TLO2-08 79°00.180" |6°55.778' 1210 Yes (02:21:48 02:36:58 02:39:11 1224

General Comments: Posidonia did not function for stations TL02-04 to TL02-08; Battery-power was too weak
after three stations;
HP: Heat-Pulse to measure in situ thermal conductivity

SF: Seafloor

kN: kilo-Newton (pull out force)

all Times are reported in UTC (local ship time — 2 hrs)

Table A3: Vestnesa Ridge, Lomvi Pockmark.

619-
GeoB21607- Date: 03/08/2016
TLO3-
. Latitude Longitude |\water Time in Timeout |Clear SF Wire
Penetration HP Remarks
(target position) Depth [m] [hh:mm:ss] |[hh:mm:ss] [[hh:mm:ss] |out [m]
TL03-01 79°00.014' |6°56.901' |1200 Yes [21:24:50 [21:40:28 |21:40:50 |1210 | *2 KN pullout; .
Probe to 1130m for transit
TL03-02 79°00.070' |6°56.562' |1201 No [22:05:45 [22:14:18 |22:14:34  |1210 |**KNpullout

Probe to 1130 m for transit
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TL03-03 78°59.993' |6°55.651' |1202 No [22:49:20 |22:58:03 |22:58:15 |1214 |20-> kN pullout .
Probe to 1060 m for transit

TLO3-04 79°00.114' |6°55.674' |1210 Ves 233233 [23:49:03 |23:49:19 |1219 |*3 KNpullout .
Probe to 1060 m for transit

N e , 43.3 kN pullout

TL03-05 79°00.148' |6°56.008' |1208 Yes [00:20:39 |00:37:11  |00:37:36  |1222 )
Probe to 1060 m for transit

TL03-06 79°00.216' |6°56.146' |1210 Yes |01:03:40 [01:20:30 |01:20:55 1226 |32 KNpullout .
Probe to 1130 m for transit

TL03-07 79°00.311' |6°56.895' |1212 No [01:53:30 [02:03:26 |02:04:00 |1227 |*2KNpullout )
Probe to 1130 m for transit

TL03-08 79°00.372' |6°57.138' |1216 No [02:22:00 [02:31:26 [02:31:50  [1232 |43 kN pullout

General Comments: Posidonia did not function; Setup was not correct (switch was not on fully on ‘F2’);
HP: Heat-Pulse to measure in situ thermal conductivity

SF: Seafloor
kN: kilo-Newton (pull out force)

all Times are reported in UTC (local ship time — 2 hrs)

Table A4: Vestnesa Ridge. Lunde Pockmark

623-

GeoB21611- Date: 05/08/2016

TLO4-

) Latitude Longitude |water Time in Timeout |Clear SF Wire
Penetration HP Remarks
(target position) Depth [m] [hh:mm:ss] | [hh:mm:ss] |[hh:mm:ss] [out [m]

TL04-01 79°00.570' |6°55.025" |1221 Yes |06:40:23 |06:57:36 |06:57:55 1221 |28 KN pullout; .
Probe to 1060 m for transit

TL04-02 79°00.497' |6°54.433 |1213 Yes (073230 [07:49:35 |07:49:42 1224 |*37 KN pullout; .
Probe to 1130 m for transit

TL04-03 79°00.474 |6°54.590" |1213 No [08:05:53 [08:15:00 |:08:15:12 |1221 |23 KNpullout )
Probe to 1130 m for transit
43.6 kN pullout;

TL04-04 79°00.445' |6°54.607" |1213 No |08:30:33 [08:41:25 |08:41:35 [1222 putiout; )
Probe to 1060 m for transit
37 kN pullout;

TLO4-05 79°00.446' |6°54.280" |1210 Yes [09:05:00 [09:22:30 |09:23:00 |1220 |Probe to 1060 m for transit
Probe not fully penetrated
31.5 kN pullout;

TLO4-06 79°00.424’ |6°53.896' |1208 Yes [09:44:30 |10:01:20 |10:01:35 |1213  |Probe to 1130 m for transit
Probe not fully penetrated

TLO4-07 79°00.442 |6°53.645' |1206 No [10:22:53 [10:31:45 |10:31555 |1212 |*L> KNpullout )
Probe to 1130 m for transit
42 kN pullout;

TL04-08 79°00.493' |6°53.929' |1207 No [10:57:08 [11:05:45 |11:03:00 |1214 puliout; .
Probe to 1130 m for transit

TL04-09 79°00.483' |6°53.306' |1212 No |11:20:116 |11:38:14 |11:38:20 |1219 |*L4KNpullou .
Probe to 1060 m for transit

TLO4-10 79°00.380' |6°54.602" |1210 Yes [12:13:55 |12:30:03 |12:30:15 |1217 |44 kN pullout;

General Comments: Posidonia did not function for stations TL02-04 to TL02-08; Battery-power was too weak
after three stations;
HP: Heat-Pulse to measure in situ thermal conductivity

SF: Seafloor
kN: kilo-Newton (pull out force)

all Times are reported in UTC (local ship time — 2 hrs)

Table A5: Vestnesa Ridge, reference site.

626-
GeoB21614- |Reference Core site Date: 07/08/2016
TLO5-
) Latitude Longitude |\yater Time in Timeout |Clear SF Wire out
Penetration HP Remarks
(target position) Depth [m] [hh:mm:ss] |[hh:mm:ss] |[hh:mm:ss] |[m]
TLO5-01 78°59.806" |6°57.808" 1199 Yes (09:41:48 09:59:58 10:00:08 1207 43.8 kN pullout;
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Position intended for MeBo126
HP: Heat-Pulse to measure in situ thermal conductivity

SF: Seafloor

kN: kilo-Newton (pull out force)
all Times are reported in UTC (local ship time — 2 hrs)

Table A6: Vestnesa Ridge, northern bend in ridge axis.

623-
GeoB21611- |Across faults at bend in ridge Date: 07/08/2016
TLOG-
) Latitude Longitude |\water Time in Timeout |Clear SF Wire
Penetration HP o . o Remarks
(target position) Depth [m] [hh:mm:ss] |[hh:mm:ss] [[hh:mm:ss] |out [m]
TLO6-01 79°06.966' |6°08.728' |1233 Yes [13:08:28 |13:25:49 [13:25:56  |1241 ﬁ:jb:':opﬂ'ggtr; for transit
TL06-02 79°06.933’ |6°09.690° |1235 No |14:13:36 [14:23:35 [14:23:47 |1241 ﬁ:&i:?op:gggz] for transit
o ) | o , 48.3 kN pullout;
TLO6-03 79°06.895' [6°10.720° |1248 Yes [15:03:36 |15:20:40 |15:21:00 |1256 |, ° L T oo
o ) | po , 41.9 kN pullout;
TLO6-04 79°06.854’ [6°11.847° |1228 Yes |16:04:55 1162048 |16:21:10  [1237 | 00 T
TLO6-05 79°06.806" [6°12.832' |1230 No |16:55:05 |17:04:25 [17:05:20 [1238 |40.5 kN pullout
HP: Heat-Pulse to measure in situ thermal conductivity
SF: Seafloor
kN: kilo-Newton (pull out force)
all Times are reported in UTC (local ship time — 2 hrs)
Table A7: Vestnesa Ridge, Lunde Pockmark.
630-
GeoB21618- Date: 08/08/2016
TLO7-
) Latitude Longitude |water Time in Timeout  |Clear SF Wire
Penetration HP o o I Remarks
(target position) Depth [m] [hh:mm:ss] [[hh:mm:ss] [[hh:mm:ss] |[out [m]
36.4 kN pullout;
TLO7-01 79°00.421’ |6°54.245" |1210 Yes [23:06:02 [23:23:15 |23:23:22 1214 |MeBo Site 128
Probe to 1060 m for transit
N b | e s 43.8 kN pullout;
TLO7-02 79°00.416’ |6°54.248’ |1210 Yes [23:39:54 (23:56:59 (23:57:08 (1214 |0 SO
TL07-03 79°00.407' |6°54.231’ |1210 Yes [00:11:04 [00:27:26 |00:27:40  |1217 ﬁf('::):':oprgggtr; for transit
o ;| o , 31.4 kN pullout;
TLO7-04 79°00.393’ |6°54.191’ |1212 Yes |00:42:52 |00:59:27 [00:59:40 1215 |0 TNl
o | . s Probe bounced; back to sur-
TLO7-05 79°00.379 |6°54.158' |1212 Yes |01:16:10 |01:21:55 |n/a 1212 tor checkup > continue
N b e , 42.4 kN pullout;
TLO7-06 79°00.346 |6°54.094’ |1210 Yes |02:32:30 |02:48:35 |02:48:50 (1210 |0 T
o ) | o , 42.8 kN pullout;
TLO7-07 79°00.316’ [6°54.074’ |1208 No [03:03:30 03:12:26 03:12:40 1210 | o L Ll
N . , 41.4 kN pullout;
TLO7-08 79°00.277" |6°54.725' |1206 Yes |03:48:28 |04:05:03 (04:05:16 |1208 |0 TNl
N s e , 41.8 kN pullout;
TLO7-09 79°00.344’ |6°54.666' |1208 Yes |04:23:37 |04:39:45 (04:40:05 1210 | S Tl
TL07-10 79°00.361’ |6°54.574’ |1209 Yes [12:13:55  |12:30:03 [12:30:15  |1211 i?&i:?opfggg; for transit
o y | o , 42.3 kN pullout;
TLO7-11 79°00.407 |6°54.543' |1212 Yes [05:39:17 |05:56:46 [05:57:00 |1217 [0 L T
TLO7-12 79°00.435’ |6°54.532’ |1214 Yes |06:16:10 |06:34:57  [06:35:15  |1214 ﬁ?&t:?opﬂ';’;; for transit
N s e , 41.5 kN pullout;
TLO7-13 79°00.475" |6°54.524’ |1214 No [06:50:39 |06:50:41 |07:00:00 1216 |~ S L
TLO7-14 79°00.496' |6°54.351’ |1213 No |07:17:13 |07:26:47 |07:27:00 |1216 gfi:':opfgggtr; for transit
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42.4 kN pullout;

TLO7-15 79°00.610° |6°54.736’ |1209 Yes [07:54:56 |08:10:06 |08:10:20  [1212 )
Probe to 1060 m for transit
TLO7-16 79°00.674’ |6°54.356’ |1210 Yes [08:35:45 |08:51:38 |08:51:48 (1212 |41.4 kN pullout
HP: Heat-Pulse to measure in situ thermal conductivity
SF: Seafloor
kN: kilo-Newton (pull out force)
all Times are reported in UTC (local ship time — 2 hrs)
Table A8: Vestnesa Ridge Lunde and inactive pockmarks.
634-
GeoB21622- Date: 10/08/2016
TLOS-
) Latitude Longitude |\water Time in Timeout |Clear SF Wire
Penetration HP Remarks
(target position) Depth [m] [hh:mm:ss] |[hh:mm:ss] |[hh:mm:ss] |out [m]
39.8 kN pullout;
TLO8-01 79°01.087' |6°49.855' |1207 Yes [23:24:14 |23:41:07 |23:41:20 [1208 |Probe to 1060 m for transit
Position of GC211 from CAGE
o y | e , 43.3 kN pullout;
TLO8-02 79°01.155’ |6°50.041’ |1210 Yes [00:10:12 |00:26:50  |00:27:08  [1208 )
Probe to 1060 m for transit
N b e , 37.2 kN pullout;
TLO8-03 79°01.098’ |6°50.481’ |1215 Yes [00:53:30 |01:09:02 |01:09:18 [1217 )
Probe to 1060 m for transit
TLO8-04 79°01.074’ |6°50.637 |1215 Yes |01:27:58 |01:44:20 |01:44:30 1218 |*° KNpullout )
Probe to 1060 m for transit
. e ) . e L 43 kN
TLO8-05 79°01.059’ |6°50.949’ [1213 Yes [02:03:36 [02:19:27 |02:19:45 (1214 | Sl oo e
o ;| o , 23, . A, 42.8 kN pullout;
TLO8-06 79°01.038' [6°51.129’ |1213 No [02:33:34 0242:13 [02:42:25 (1215 |00 L R
TL08-07 79°00.985' |6°51.285" |1214 Yes |03:01:20 [03:17:45 |03:17:55 1216 |24 KN pullout; .
Probe to 1060 m for transit
N s e , 42.2 kN pullout;
TLO8-08 79°00.944’ |6°51.492’ |1216 Yes [03:33:28 |03:49:55 |03:50:05 [1214 )
Probe to 1060 m for transit
o ;| o , ne. .. . 43 kN pullout;
TLO8-09 79°00.875’ |6°51.533' [1214 Yes |04:06:55 (04:22:52 |04:23:10 (1215 | o0 T ot
TLO8-10 79°00.855' |6°51.802" |[1213 No [04:36:20 [04:45:10 |oa:as:30  |1212 |*%> KN pullout;
’ : T T T Probe to 1060 m for transit
TL08-11 79°00.828' |6°52.223' |1208 Yes |05:04:58 [05:20:54 |05:21:12  |1210 |46 KN pullout; 4
Probe to 1060 m for transit
TL08-12 79°00.744' |6°53.085" |1210 Yes |05:51:50 [06:07:38 |06:07:55 1212 |44 KN pullout; .
Probe to 1150 m for transit
TL08-13 79°00.696' |6°53.176' 1212 No [06:22:11 [06:30:45 |06:31:06 |1220 |63 KN pullout .
Probe to 1150 m for transit
o ;| o , 19, —a. oa. 43 kN pullout;
TLO8-14 79°00.592" |6°54.296’ [1212 Yes [07:12:08 |07:29:12 |07:31:20 (1225 |-l ot
o ;| o , 0. ca. An. 42 kN pullout;
TLO8-15 79°00.599’ |6°54.700° |1213 No [07:50:22 |07:58:35 |08:00:27 (1222 |-\ Ll
TLO8-16 79°00.558' |6°54.821’ |1215 Yes [08:18:39 |08:34:38  |08:36:45  [1220 |43.4 kN pullout
HP: Heat-Pulse to measure in situ thermal conductivity
SF: Seafloor
kN: kilo-Newton (pull out force)
all Times are reported in UTC (local ship time — 2 hrs)
Table A9: Svyatogor Ridge South.
641-
GeoB21629- Date: 16/08/2016
TLO9-
) Latitude Longitude |\water Time in Timeout |Clear SF Wire
Penetration HP o o o Remarks
(target position) Depth [m] [hh:mm:ss] |[hh:mm:ss] |[hh:mm:ss] |out [m]
TL09-01 78°21.206' |5°40.542" |1634 Yes [21:08:00 [21:2632 |21:26:50 |1640 |52 KN pullout

Probe to 1520 m for transit
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TL09-02 78°21.258' |5°41.440° |1610 Yes |21:59:47 |22:16:47 |2217:15 1619 |74 KN pullout; .
Probe to 1520 m for transit
49.2 kN pullout;
TL09-03 78°21.324’ |5°42.134’ |1623 No |[22:52:8  [23:18:21 [23:08:40 |1630 |Probe to 1520 m for transit
(HP not triggered)
47.9 kN pullout;
TL09-04 78°21.337' |5°42.479' |1618 No [23:28:00 [23:44:07 |23:44:28 |1628 |Probe to 1500 m for transit
(HP not triggered)
TL09-05 78°21.372' |5°43.434° |1612 Yes |00:18:15 [00:34:26 |00:34:50 |1615 | +o:L kN pullout )
Probe to 1500 m for transit
TL09-06 78°21.439' |5°44.178" |1650 Yes |01:03:48 [01:2020 |01:20:40 1654 |*9-2 KN pullout; .
Probe to 1550 m for transit
TL09-07 78°20.120' |5°44.916" |1650 No [02:05:55 [02:14:30 |02:14:55 |1651 |23 KNpullout .
Probe to 1520 m for transit
TL09-08 78°20.813' |5°45.382' |1648 Yes |03:02:48 [03:18:04 |03:18:22 |1647 |*O-LKNpullout; .
Probe to 1500 m for transit
TL09-09 78°20.709' |5°44.346' |1605 Yes |03:57:53 |04:13:55 |0a:1a:1s 1606 | oL KN pullout; )
Probe to 1460 m for transit
TL09-10 78°20.600' |5°43.473' |1610 No |04:48:57 [05:05:12 |05:05:35 |1618 |3 KNpulloug )
Probe to 1460 m for transit
TL09-11 78°20.473' |5°42.270' |1602 Yes |05:48:50 |06:05:40 |06:05:55 1611|203 KN pullout; .
Probe to 1460 m for transit
TL09-12 78°20.318' |5°42.559" |1600 Yes |06:38:40 |06:55:10 |06:55:30 1607 |+ KN pullout; .
Probe to 1460 m for transit
TL09-13 78°20.039' |5°42.882" |1609 No [07:33:40 [07:2021 |07:51:45 |1630 |77 KNpullout; .
Probe to 1460 m for transit
TL09-14 78°20.130° |5°43.649' |1602 Yes |08:25:03 [08:42:02 |08:43:00 |1611 |+ -8 KNpullout; )
Probe to 1460 m for transit
TL09-15 78°20.249' |5°44.380" |1604 Yes |09:15:48 [09:31:51 |09:32:00 1607 |°5:2 KN pullout; .
Probe to 1460 m for transit
TL09-16 78°20.387' |5°45.147" |1606 Yes [10:05:19 |10:20:19 |10:20:59  |1607  |47.7 kN pullout

HP: Heat-Pulse to measure in situ thermal conductivity
SF: Seafloor

kN: kilo-Newton (pull out force)

all Times are reported in UTC (local ship time — 2 hrs)

Table A10: Svyatogor Ridge North.

647-
GeoB21635- Date: 26/08/2016
TL10-
. Latitude Longitude |water Time in Time out Clear SF Wire
Penetration HP Remarks
(target position) Depth [m] [hh:mm:ss] |[hh:mm:ss] [[hh:mm:ss] |out [m]
. . o, o o 51.4 kN pullout
01 78°30.243 |05°42.676 |1720 Yes |04:58:00 [05:18:06 |05:18:30 (1716 | T PIOT
02 78°29.871 |05°43.396 |1692 Yes |06:11:00 |06:27:48 |06:28:00 |1604 |°>:3 KN pullout .
Probe to 1570 m for transit
03 78°29.553 |05°43.603 |1691 Yes |07:09:15 |07:24:44 |07:25:05 |1601 |8 KN pullout .
Probe to 1550 m for transit
04 78°29.438 |05°42.955 |1692 Yes |07:57:36 |08:12:26 |08:12:46 |1600 |°>+KN pullout )
Probe to 1550 m for transit
o o o, ea. o 35 kN pullout
05 78°29.343 |05°43.442 |1692 No [08:38:10 |08:5345 085400 (1695 | 1TPURL
. . o an. s 52 kN pullout
06 78°29.271 |05°43.086 |1686 Yes [09:18:13 (09:34:04 |09:34:30 (1689 |>*TPYRS
07 78°29.450 |05°43.669 |1688 Yes |10:04:10 [10:19:42 |10:20:00 |1689 |°>* KN pullout .
Probe to 1500 m for transit
08 78°29.051 |05°42.085 |1682 Yes |11:01:10 |11:16:42 |11:17:01  |1676 |° -4 KN pullout .
Probe to 1500 m for transit
09 78°28.863 |05°41.432 |1681 Yes |11:53:00 |12:08:38 |12:08:53 |1680 |°0-1 KN pullout )
Probe to 1500 m for transit
. . aan a. . 51.7 kN pullout
10 78°28.810 |05°41.771 |1683 Yes (1233420 (124942 |12:50:04 |na. |00 SPIOT
. . . o o 52.4 kN pullout
11 78°28.658 |05°41.900 |1672 Yes [13:2230 (133817 |13:38:39 (1670 |0 PIOL L
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50.8 kN pullout

12 78°28.510 |05°41.949 |1670 Yes |14:16:05 |14:32:07 [14:32:30 |n.a )
Probe to 1500 m for transit
13 78°28.406 |05°40.368 |1687 Yes |15:18:05 |15:34:56 |15:35:20 |1686 |00 KN pullout .
Probe to 1500 m for transit
HP: Heat-Pulse to measure in situ thermal conductivity
SF: Seafloor
kN: kilo-Newton (pull out force)
n.a.: not available
all Times are reported in UTC (local ship time — 2 hrs)
Table Al11: Svyatogor Ridge Central.
654- ] ]
GeoB21642- |Central portion of Ridge Date: 31/08/2016
TL11-
) Latitude Longitude |\water Time in Timeout  |Clear SF Wire
Penetration HP Remarks
(target position) Depth [m] [hh:mm:ss] |[hh:mm:ss] |[hh:mm:ss] |out [m]
01 78°23.515 |05°37.316 |1689 Yes 152520 [15:40:40 |15:40:56 |1689 | o4 KN pullout .
Probe to 1580 m for transit
. . . . s 48.5 kN pullout
02 78°23.509 |05°38.699 |1660 No [16:16:28 |16:24:10 |16:24:40 |1652 |~ & S ool
03 78°23.514 |05°39.323 |1640 No |16:46:50 [17:01:50 |17:03:00 |1637 |Probe did not penetrate into
sediments
04 78°23.514 |05°40.459 |1652 Yes |18:17:30 |18:32:45 |18:33:10 |1645 |°0- KN pullout .
Probe to 1500 m for transit
05 78°23.506 |05°41.844 |1641 Yes |19:03:47 |19:18:24 |19:18:50 |16a1 |*S:8 KN pullout .
Probe to 1500 m for transit
06 78°23.720 |05°41.546 |1646 Yes |19:56:24 [20:11:40 |20112:00 |16a9 |°O-1 KN pullout )
Probe to 1580 m for transit
. . o e . 48.7 kN pullout
07 78°23.951 |05°41.285 |1647 No [20:48:30 |20:56:56 |20:57:26  |1648 | L N ool
. . an. e . 48.5 kN pullout
08 78°24.191 |05°41.185 |1644 No [21:34:50  |21:42:52  |21:43:15  |1640 |, 0 RSl
09 78°24.415 |05°41.041 |1660 Yes |22:30:05 |22:45:15 |22:45:35 |1656 |0 -4 KN pullout

HP: Heat-Pulse to measure in situ thermal conductivity
SF: Seafloor; kN: kilo-Newton (pull out force)
all Times are reported in UTC (local ship time — 2 hrs)
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18.3 Appendix 3: Core Descriptions Gravity Cores
MSM57-1 Core Length: 577 cm
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Appendix 3: Core Descriptions Gravity Cores continued
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Appendix 3: Core Descriptions Gravity Cores continued

MSM57-1 Core Length: 765 cm
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Appendix 3: Core Descriptions Gravity Cores continued
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Appendix 3: Core Descriptions Gravity Cores continued
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Appendix 3: Core Descriptions Gravity Cores continued
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Appendix 3: Core Descriptions Gravity Cores continued
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Appendix 3: Core Descriptions Gravity Cores continued
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Appendix 3: Core Descriptions Gravity Cores continued

MSM57-1 Core Length: 273 cm
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Appendix 3: Core Descriptions Gravity Cores continued
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Appendix 3: Core Descriptions Gravity Cores continued
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Appendix 3: Core Descriptions Gravity Cores continued
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Appendix 3: Core Descriptions Gravity Cores continued

MSM57-1 Core Length: 478 cm
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Appendix 3: Core Descriptions Gravity Cores continued

MSMS57-1
GeoB21619-1
GC-9
1]
E
(W
[-+ LR &
2
A0 =
- CL
LN
BO
€
120 ® 5Y 3N
®
~
160
200
E ]
o
R
b=
240 =
d |
. 5Y 3N
280
E
(v
3120 =
n
o 5Y 31
-
]
(*a ]
360 5Y 2.5M
400
E L117)
&
;“.;, 5Y 2.51
440 o
g
W
480

139



R/V MARIA S MERIAN Cruise Report MSM57

Appendix 3

Appendix 3: Core Descriptions Gravity Cores continued

MSM57-1 Core Length: 596 cm
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Appendix 3: Core Descriptions Gravity Cores continued
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Appendix 3: Core Descriptions Gravity Cores continued
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Appendix 3: Core Descriptions Gravity Cores continued

MSM57-1 Core Length: 267 cm
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Appendix 3: Core Descriptions Gravity Cores continued
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Appendix 3: Core Descriptions Gravity Cores continued

MSM57-2 Core Length: 198 cm
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Appendix 3: Core Descriptions Gravity Cores continued

MSM 57-2 Mag. Susc, Samples
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Appendix 3: Core Descriptions Gravity Cores continued

MSM57-2 Core Length: 287 cm
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Appendix 3

Appendix 3: Core Descriptions Gravity Cores continued

20

40

80

120

140

160

180

200

220

240

260

280

MSM 57-2
GC-14/GeoB21631-2

Latitude: 78554 °N Longitude: 009456°E Waterdepth: 405 m
Length of core; 287 cm

O-cme Dark greenish grey {Gley 1 47 10%) clay
Z2omi Pogonophor tube worm

2-deme Lage pebbie
& 10cm: Gravelly clay

10-37 e Sanddy clay
242 coe Waver saturated gravelly clay

Section 1, 0-37 cm

h5-65 cme  Greenish gruyl.ﬂcy 1 51 107) famer clay
&3 cme Patch of FeS-rich clay

65-118em: Mattled iron subhde

65-B8 cmc  Looser clay

Bicmc Silty clay with occasional small pebbles

18-188 e Dark grey (Gley 1 4N) gravelly day
44,52, 59, 84 om:  Large pebbles/cobbles
127-137 e Light grey bands

133 eom:  Shell fragment

157-161 e Dark grey clay

Section Beeak:  Smell of H 25

Section 2, 88-187 cm

VBE-205 ¢ Very dask greenish grey silty clay (Gley § 371 10Y)

05225 e Very daak greenish grey sandy dlay (Gley 1 371 10Y)

225:28%crm; Dk grey (Gley 1 /M) pebbly, sandy day -] interbedded with
sand layers [o]

232244 250 om:  FeS-nch p.lbchn
240, 248, 355 262, 37T cre. Pebbles
el

[l

[e]

i

el

[

[e]

[

Section 3, 187-287 cm

Mag. Susc,
[10°%51]

Samples

]

Porewater

CH,
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Appendix 3: Core Descriptions Gravity Cores continued

MSM57-2 Core Length: 126 cm
GeoB21631-5
GC-15

section 1 section 2
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Appendix 3

Appendix 3: Core Descriptions Gravity Cores continued

20

a0

40

50

70

110

120

MSM 57-2
GC-15/GeoB21631-5

Latitude: 78554 °N Longitude: 009.456°FE Waterdepth: 405 m

Length of core: 126 cm

Section 1,0-37 cm

Section 2, 37-126

O-10em: Very dak greenish grey (Gley 1 371 10Y) pebbly clay

10-19 e

Wery darik greenish grey (Gley 1 371 10 sandy clay

10em: Carbonate shell fragment (Diameter 1om)

19-22 cc

22-3T e

3745 cme

4550 cme
5355 cme
patch

B3 e

Dark greenish grey (Gley 1 47 107} clay

Wery dark greenish grey iGley 1 371 1007) sandy clay

Wery dark greenish grey (Gley 1 31 5GY) pebhbily clay

Dark greenish grey (Gley 1 41 10%) pebbly clay
Light greenish grey (Gley 1 81 10%]) silty muddy carbonate

Skghtly darker greenish grey pebbly clay

63-107 e Dark gresendsh grey (Gley 1407 107) clay

107114 e Shghaly darker greendsh grey silvy clay

14122 e Dark greenish grey (Gley 1 471 5GY) pebbly clay

12213 cme  Dark greenish grey (Gley 1 41 5GY) clay

Mag. Susc,

(10 5]
R 7 2

-

Samples

Pre 15}
Porewater

CH,

Phys

151



R/V MARIA S MERIAN Cruise Report MSM57 Appendix 3

Appendix 3: Core Descriptions Gravity Cores continued

MSM57-2 Core Length: 250 cm
GeoB21633-2
GC-16

section 1 section 2 section 3

NN

L

20

HERNERRE

]
=]

[HENNENEN

L
=]

LI

L

o
=

.IIIIllllllllllllll

el
=]

ANENRRNN

3

IIlIIllII‘lJII'IIII

g

=
U1

2



R/V MARIA S MERIAN Cruise Report MSM57 Appendix 3

Appendix 3: Core Descriptions Gravity Cores continued

MSM 57-2 Mag. Susc, Samples
GC-16/GeoB21633-2 1055 .
nossy = g
Latitude: 7855 °N Longltude: D09.379°E Waterdepth: 446 m e 2 2 2 2 _ ;
Length of core: 250 cm £ 8
& O
o
L ]
E 0-35om: Dark greenish grey (Gley 1401 107) pebbly clay, bottom-wards & 8
; aradual chamge in color 1o greenish grey (Gley 1 571 5GY) |
20 b 28 cme Dark grey (Gley 14/N) patch of silt
& | L]
§ |
40 E . ) e 9 @
35-50cme  Greenish grey (Gley 1 571 5GY) clay with occasional peblbles
L
S0-68 cme  Clay of altermating greenish grey color tones (Gley 1471 10Y ) L
60 and 51 10%) | e
61-61.5cm: Dok greenish groy (Gley | 471 5GY) sty patch | ®
68-T8 e Pebbly clay, ondised color on rface |
|
80 Y L ]
®
E
L 1
= |
i ' °
& T8-124 em:  Dark greendih grey [Gley 1471 107) slightly pebbly clay
100 wy 87 emc Bivatve shell L]
"; 123 em:  Sand patch
i -3
120 [ ]
; . ®
124-150cm: Mattled grey (Gley 1 5/N and /N slightly sandy day with
occasional pebbles
125128 e Firmm clay
134, 145 e (hadised color
140 137 o Mud clast \ L ]
141 e Pebble
141-145em:  Sandy clay ' L ]
L
\ L ]
160 \ °
150-180cm:  Dark greenish grey clay @
156-157, 167, 168cmc  Pebbles |
|
L]
180 |
E_. 180-192cme Grey [Gley 1 5/N) silty Clay
L
q «
E ! L
200 ﬁ 192-207 e Dark greendsh grey (Gley 1 401 10Y) silty chay
B \ L
5
'.E HT-219crme Dark greenish grey (Gley 1.4 107) pebbly clay |
m v ' ®
21928 ome Dark greenish grey (Gley 14/ 107) clay | ® °
228-245 ce Dark gresenish grey (Gley 1451 107) slightly pelsbly dlay |
240
245-250ce  Dlark greenish grey sandy clay with pebbles .
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Appendix 3: Core Descriptions Gravity Cores continued

MSM57-2 Core Length: 111 cm
GeoB21634-2
GC-17

section 1 section 2
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Appendix 3: Core Descriptions Gravity Cores continued

MSM 57-2 Mag. Susc, Samples
GC-17/GeoB21634-2 1055 d §
Latitude: 7856 °N Longltude: 009.542°E Waterdepth: 338 m e 2 2 32 8 & E
Length of core: 111 cm - g s
X & U

o 0-2 e Pebbles in dark greenish grey (Gey | 471 10 clay mstnx
E
=
E 2-1dem: Dark greenish grey (Gley 141 10Y) clay |
0w = LI )
=4
2 |
E 14-18 e Dark gresnish grey (Gley 1 401 10¥) silty clay |
20 18-20cme Dark areenith grey (Gley 1407 10Y) pebbly sand ®
2022 e Wery dark greenish grey (Gley 1 35 10Y) day
22-25eme ey dark greenksh grey (Gley 1 37 10Y) pebbly clay
|
|
a0 L
|
40
25-63cmc Very dark greenish grey (Gley 1 371 10Y) day
50 L ]
o §
=) (
=]
3 |
&
70 = e9
g G- ome Hnyd.utgﬂﬁ:hquﬂql!!!m‘ﬂdamm\d |
80
BI-97 e Very dank greenish grey (Gley 1 371 10Y) sandy clay |
80 LN
|
100 97100 em: Very dark greenish grey (Gey 1 300 107 clayey ssnd
100-113 e Very dark geeenish grey (Ghey 1 30 10V], pure coarse sand
n
9 L]
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Appendix 3: Core Descriptions Gravity Cores continued

MSM57-2 Core Length: 478 cm
GeoB21636-1
GC-18
& section 1 section 2 section 3 section 4 section 5 section 6
_L‘?._E
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Appendix 3

Appendix 3: Core Descriptions Gravity Cores continued

o

40

120

160

200

240

280

320

160

400

MSM 57-2
GC-18/GeoB21636-1

Latitude: 78.355°N Longitude: D05.702°E Waterdepth: 1630 m
Length of core: 478 cm

‘.ﬁ a G-bcme Olive brown (257 40) clay;  Jome Moderate bioturbation
w E-14cm: Dark greenish grey (gradual change: Gley 1 471 10Y) clay
14-23 e Diark gresnish grey (Gley 1401 10¥), pastly seiff clay
23-36eme Dhark gresrish grey (Gley 1407 107) sty peblily clay
16-17 eme  Cheielathon calors

67 emc Dark greenish grey (Gley 1.4 107) clay
20-51 ce  Cridlation colors on firm day
6265 cme Mottled iron wulfides

67-T1 em: Pregnant oecumence of inon sulfides m pebbly day

Section 2, 14-78cm

TI-17Bem: Geeenish grey (Gley 1571 10Y] day

BI3-S0em: 119-175:  Mottled iron ulfides

71-78, 102, 145, 157, 167-171 emc lron sulfde patches

123-143 e Zone of firm clay with iron sulfide halo ioonng anelact o
bruerow?)

162163 cme  lron sulfide band

Section 3, 78-178 cm

178-235 e Dark greenish grey (Gley 1401 10Y) clay
181-205 cme  Mottled jron sulfides

-2 e Laminations

208-203 e Silty elay bed

214 om:  Orietsed layer

227-228 cv Pebbly sandy patch

F30-241 erme  Laminaticng

235278 o Dark greyish brown (L5Y 472720 clay
248-250 coe Firn clay bed

28 om:  Modevate bioturbation

268 om: Patch of slty clay

272278 e lron sulfide rich Factwe

Section 4, 178-278cm

278-338 e Dark greenish grey (Gley 1401 10Y) elay

306-308 e Firmn rubbly ey with srall pebbles

315-317, 326, 337-344, 347, 348-151, 356-357, 372-374 com: Iron sulfd
patches

338-360 cr Greenish grey (Ghey 1 571 10Y) dlay

Section 5, 278-378 cm

350-365 coe. Dark greenish grey (Gley 1477 107) clay

365-37T0 e Greenish grey (Gey 1 571 10Y] clay

370-375 coy. Dark greenish brown (2.5Y 477 clay

375-380cme;  Diark gresnish grey (Gley 1471 107) clay

380-38Fcme  Greenish grey (Gley 1 571 10Y) clay

389-3%4 e Dark greenish brown (257 4/2) clay

39439 ce Dark greenish grey (Gley 145 107) clay with iron sulfides
399-402 e Grey [Gley 1 5/N) clay

402412 cm: Very dauk geeenish grey (Gley 1 30 10Y) clay with pink
interbeds

A1 2-419 e Greenish grey I:G.qr 1571 10Y]) clay

417437 coe  Diark greenish grey (Gley 1407 SGY) clay

A3T-448 cm:  Dark greenish grey (Gley 1477 10Y) clay

A4B-A5cme  Greenish grey (Gley 1 571 10Y] cday
AS6-45% e Very dark greenish grey (Gley 130 10V; burrews ] clay

458-4T8cm:  Greenish grey [Gley 1 571 10Y) clay

Section 6, 378-478

(=]

(10 5]

b

o
-

Mag. Susc,

2

8

g
3
=
]

Prop

@ Phys

® ® Porewater

CH,
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Appendix 3: Core Descriptions Gravity Cores continued
MSM 57-2 Samples
GC-19/GeoB21638-1
Latitude: 79.007°N Longitude: 006.811°E Water depth: 1212 m £
Length of core: 250 cm -4
T

100

120

140

160 —

180

200

220 —

240

158

GeoB21638-1 (0-250cm): Core taken without a hard plastic liner in a plastic bag and split on deck

The gravity core GC-18/GeoB21638-1 was taken in
a plastic bag liner.

| Abundant gas hydrates were found as layers

| or likewise beds and veins.
Clayey homogenous sediments with very rare

| dropstones, one single dropsione was found at
the bottom.

:Thamrammwwwasabnutzﬁum.

Images by Christopher Schmidt and Chieh Wel Hsu,

Multiple hydrate samples were taken and stored in a container cooled by liquid nitrogen.
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Appendix 3: Core Descriptions Gravity Cores continued

MSM57-2 Core Length: 544 cm
GeoB21640-1
GC-20

section 1 section 2 section 3 section 4 section 5 section 6
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Appendix 3: Core Descriptions Gravity Cores continued

MSM 57-2 Mag. 5usc, Samples

GC-20/GeoB21640-1 (165 §1]

=3
Latitude: 78.355°N Longitude: 005.705°E Waterdepth: 1623 m o R 2 3 ga
Length of core: 544 cm _}

Porewater

CH,

0-7coc Diark beown (100FR 3730 clay \
F-20om: Motthed dark brown (10YR 3/3) and dark grey (10 201) clay | @
20-22cme Greenish grey (Gley 1 5/10V) day !
12-2T o Greenish grey (Gley 1 57/10W) with greyish brown [107R 531 '-,\
cly

2747 ce - Greyish browm [10YR 5/2) clay

0-42 cm
L ]

Section 1,

40

4760 Very dark grey (10VR 3/1) atiff clay

B0-144 em:  Larranated clay with layers of 0.5-1 em thickness Change in
colar from greenish grey (Gley | 5/107) o greyish beown [10YR 5/2) |
B7 emc Light beoswn layer |
143 om: Sandy clay \
150-153 e Very daak greenish goey (Gley 1307 10Y) clay |
150-152 cme  In=situ waetheved carbonate pebble \

Section 2, 42-144 cm

120

160
160168 e Dark greendsh grey (Gley 1457 1070 clay )
14d-146.cm: Runty colored band i e ®
1&6-166cm:  Layered/Banded |
170-171, V47 ent: b sulfude dch patches b,

200 188-209 crne  Dlark greenish grey (dightly darer than Gley 14/ 10%) clay |

209-217 e Dark gresenish grey (sighitly lightes than Gley 1477 10} clay | ®
a6 cm:  Pebble [

217-222ce Dark greyish brown (2.5 472) clay

223-224 cov; Dark greenish grey [dightly lighter than Gley 1 471 10¥) clay !

224-244 ce Dive browm (2.5 473) clay L &

Section 3, 144-244 cm

240
244277 e Dark greyish brown (2.5 4720 elay

280

277344 cme: Laminated clay with layers of 0.5-1.0 cm thickness; Colors
vary between dark greyith brown (2.5Y 4/2) and very dark greyish brown 1

[2.5Y 3/2) ® 9
324-334 crme Iron sulfide rich patch }

32[’ 324-331 cre:  Some pebbles I

Section 4, 244-344 cm

34-362cmc Well laminated, greenish grey (Gley 1 571 10%) clay f/"

362-369 e Very daik greenish grey (Gley 1 30 10V] clay ®
369-374 ey Greenash grey (Gley 1 571 107) clay Iy
374-379 cme Matted clay . @
379-385 e Very dak greenish grey (Gley 1300 100) clay

385-396 e Dark greenich grey (Gley 1401 107) elay - & 1]
I96-401 ey Mattled elay {

A00-403 e Very dark greenish grey (Ghey 1300 100 clay \

403406 cre  Light greendsh grey iGley 1.4/1 107 clay - [ ]
406412 cme Mottled dark greenish grey (Ghey 1 41 10Y) clay { L
412418 e Light greendésh grey (Gley 1471 10Y) clay ™
A419-421 e Maortied clay :)

422432 cne Diark greenish grey (Gley 14/1 10Y) clay
432-435cm:  Mottled clay

435437 e Very dark greenish grey (Ghey | 3/1 10V] clay
437441 coe  Dlark greenish grey (Gley 1401 107 clay

AT -4 e Climgmmtﬂqluﬂﬂﬂcw £ ®

44454 e Sequences of very dark greenish grey (Gley 1 3/1 10Y; > ®
444473 o, 454506 cm, 517-544 o) and dark greenish geey (Gley 1411 { L
10 473-494 om, 506-517 cmi ™

A52 em: lron sulfide patch 4 & [ ]
493-491 ce  Pebble {

519 om: Iron sulfide patch N

531-532cm: Soft, organic rich and iron subfide rich patch | L ]

360

Section 5, 344-444 cm

480

520

Section 6, 444-544 cm

160
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Appendix 3: Core Descriptions Gravity Cores continued

MSM57-2
GeoB21641-1
GC-21

section 1 section 2 section 3
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Core Length: 406 cm

section 4

core caplure
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Appendix 3: Core Descriptions Gravity Cores continued

MSM 57-2 Mag. Susc, Samples
GC-21/GeoB21641-1 1048 g &
| ] 2 5
Latitude: 78361 °N Longitude: 005693°E Waterdepth: 1634 m = RS 2 82 §
Length of core: 406 cm £ @ =
Ex D
o0 -4 emc Dark greyish brawn (2.5Y 472} clay L
d-10cm: Dark grey (.57 471 ) clay ™
1014 cme Dark grey (2.5 447} firmn clay ™ -
20
E /'-:. L ]
o 14-50 cme Wery dark grey (2.5Y 3/1) clay 4
40 g | L L2
T ' .
8 5060 emc  Dark grey (257 4/1) clay \
it ‘E 60-67 e Mottled colored clay I e 2
6772 cme Dark greenish grey (Gley 1 47 10) clay | [ ]
a0 7291 eme Diark greenish grey (slightly lighter than Gley 1 471 107) clay L
* e
100 ™
L ]
91-137 am:  Grey (Gley 1 5/N) clay ®
120 115-117 e lron sulfide rich pateh L2
B | ®
2 |
140 ;' 137141 e Grey [Gley 1 5N} pebbly clay | &
~ L ]
8 ' &
160 B 141191 cme Grey (Gley 1 5/N) clay |
W 138 om, 184 e Iron sulfide rich patches i [ ]
172175 e Iron sulfide rich band
| L ]
180 | &
| L]
200 | &
| °
190-13% e Dark greentsh grey (Gley 1407 107) clay \
220 e 200201 e Iron sulfide rich band f ®
2! L
A
240 = . &
o I b
5 | e
260 E 139-291 ey Greenah grey (Gley 1 57 10) dlay
267 cm: Iron sulfide rich patch : e
L ]
280 |
®
L
300 290307 cne. Dark greenish grey (dightly lighter than Gley 1 471 10%) clay | s
.I .
' @
320 E |
: W07-354 e Dark greenish grey (dightly darker than Gley 1 471 10) clay ®
o 3131-332cme lron sulfide rich patch
340 = [ ]
- | .
E 350-35 e In-situ weathened peblble [coalT) &
380 = 354-35% cre  Dark greenish grey [sightly lighter than Gley 1471 10) elay |
E 359-365 et Dark greenish grey (dightly darker than Gley 1471 107) clay
365-368 cm:  Dark greenish grey (dightly lighter than Gley 1471 10%) elay | ®
368-372 crm:  Dark greenish grey (dightly darker than Gley 1.4/7 107) clay | °
AGE 372-395em:  Dark greendih grey (ightly lghter than Gley 1471 10¥) elay .
®
400 bt 395406 cm: Dark greenish grey (dightly darker than Gley 1 4/1 107) clay / °
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Appendix 3: Core Descriptions Gravity Cores continued

MSM57-2 Core Length: 380 cm
GeoB21644-1
GC-22

saction 1 section 2 section 3 section 4

RN NN IIi [INNINEN

Lo
(=]

WRARENNN

e
=

(RN

A0

Section1-W (25 cm)

LI

........

&0

LLLinin

g
o

il

i
[=

(RN II‘IIIJ Ll

g

163



R/V MARIA S MERIAN Cruise Report MSM57 Appendix 3

Appendix 3: Core Descriptions Gravity Cores continued

M5SM 57-2 Mag. Susc, Samples
GC-22/GeoB21644-1 1055 . 4
(10 51) i
Latitude: 78552 °N Longlitude: 009494 °E Waterdepth: 391 m e B 29 g gia §
Length of core: 380 cm = g -
a & O
0 O-8cme Very dark greenish grey iGley 1 371 10Y) pebbiy clay ]
Pogonophaora worm tube at top | .
20 B-2Bcm: Very dark greenish grey (Giey 1 371 10Y) clay with some pebbles b
E °
g L ]
& 28-42 o Wery dank greenish grey (Gley 1 371 10Y) pebbly sandy clay L2
40 5
2 .o®
60 1;‘.: 42-Bhcme Dark grey (Gley 1 4] pebbly silty clay
48, 58 66 e Some darker laminations @
L ]
L
80 ®
L ]
100 @
@
E B0-145 om:  Dark grey {Gley 1 4/M] clay [ ]
v} G- 180 em:  Some lamination af light and dark grey throughout the section 1
120 2 ®
] | .
ol |
140 = | @
=
= L
z .
160 -]
145188 coe Dark grey (Gley 1 4/M) pebbly silty clay L
180-1%4 co Laege cobbie
180 & L
L ]
200 198-210cme Greenish grey [Gey 1 5/1 10Y) rubbly pebbly cemented *
authigenic carbonate rone; Reaction with HC ®
3 ®
2 8 =
2 °
240 "‘I':‘- 10-280 ce: Dark greenish grey (Gley 1 371 107) elay with occasional ™
=] pebbles "
= 216 om: Soft (in-situl) weathered pebble °
X 265 omi  Large pebble |
260 | L
L ]
280 &
L ]
280-307 cr; Very dask greenish grey (Gley 1 30 10Y), very pebbly clay
300 2
E 307-322 ce Dark grey (Gley 1 4/MN) pebbly sandy clay getting very sandy .
in the lower part
20 2 =
% 12233 cme:  Dark grey | Gley 4N pebbly sandy dlay
] 333334, 137218 ome  Wery sandy zone [ ]
- 238 o Black, weathered pebble
240 = 138345 cme Very dask groenish grey (Gley 1371 10V pebbly sandy clay ®
= |
E 345-355 e Dark greendsh grey (Gley 1 41 10Y) pebbly wandy clay | L ]
360 L
355-380 cre Very daek greenizh grey (Gley 1 30 107) pebbly sandy clay | ®
380 : ® =
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Appendix 3: Core Descriptions Gravity Cores continued

Legend

({:'.;"J Shall fragments

Planar lamination

&_ Faraminifera
% Tubawarm
snw  FoSdisseminated
=5 Patchy mud
== Pebbles (or cobbles) (= 5 em)
-" Pebbles (or cobbles) (= 5 cm)
‘ Carbonate nodules
g Moussey texture
=]
[ | Stiff sediment
@ Woids

...... Gradational boundary
Sharp boundary

g Imegular boundary
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Appendix 4

18.4 Appendix 4: Core Descriptions MeBo
MSM57-1
GeoB21604-1 Total Drilled Length: 280 cm
MeBo123 Total Cored Length: 100 cm
Section 1P-1A
; Lnr:r:rr\ber Tnm:fta:m scetion Ma, 5““::0-:;?:“‘”' TuTr;i:ﬂh Hﬂ'rl'-::[;r:;lnplh remathk
100 B B B
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Appendix 4: Core Descriptions MeBo continued

MSM57-1
GeoB21608-1 Total Drilled Length: 530 cm
MeBo124 Cored Recovery: 161 cm
. 1P-1A 2P-1A
_'L'I‘_.:
20 :
30 _
40 -
50 B
S0 —
70 —
80 —
20 :
E Core number ﬂﬂiufr::::]mh scetion Mo, Section lengh | Ton depth | Sotiom g remark
=} Top |Bottom [om] [omj [crm}
1P 0 280 1 &7 o &7
0 — i 280 | 530 1 94 180 74
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Appendix 4: Core Descriptions MeBo continued

MSM57-1
GeoB21610-1
MeBo125

1P-1A 2P-1A2P-2A  3P1A 4P-1A SP-1A 7P-1A BP-1A 9P-1A

8P-CC

4p-CC

S5P-CC

3P-CC

7P-CC

2P-CC

B . : B
l.'lll.lil.llJ:Ll.!.I.lI.LthI.I.Jl._LLLLFLlJ.I.l]JJ.l 1

inentenn

]

Total Drilled Length: 2280 cm
Total Cored Length: 905 cm

9pP-CC

Core Mo, Core Trpe Sexsion (ergth (o) Top depthicm| bofiom degthicm|
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MSM57-1

GeoB21610-1 L p
MeBo125 n 2 N &
M
] 5V 412 :
TR
L. 5Y 511
400 1 g
500 4
2.58Y 41 .
600 107 3 .
5Y 41
TOO 4
]
L 2.5Y 501 "{ 2
o 2.5Y 511
001 ¢ ZEY 411
w
1000
; 2.5Y 411 \ .
1100 4
1 =
| §
1200 4 w

2000
2.5Y 4/1
2100 | -
. ST &1/
= 257 411
5 . BY 511 A
2004 @

bbbl
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Appendix 4: Core Descriptions MeBo continued

MSM57-1
GeoB21613-1 Total Drilled Length: 6250 cm
MeBo126 Total Cored Length: 2465 cm

1P-1A 2P-TA 3P-TA  4P-IA  S5P-1A  7P-IA  BP-TA  SP-14 T10P-1A 10P-2A 12P-TA T3P-1A 13P-28

IRTENAN lE IRNETTRIAN

F 1 :
l.'l]l.l]lll]J.l.':.l I.Lulf

BP-CC

inentenn

IPCC

]
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Appendix 4: Core Descriptions MeBo continued

MSM57-1
GeoB21613-1 Total Drilled Length: 6250 cm
MeBo126 Total Cored Length: 2465 cm

MDP

20P-1A 208-28 23P-1A J2P-2A  23P-1A 23P-2A 25P-1A 25P-2A 8P 2BP-2A 30P-1A
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= . o B = thir
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— ¥ w (L} nar W
e = 1 m arm 1
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= =
MeBol126 £ =
0

MSM57-1 MS (Si) P
Sa
GeoB21613-1 . & T gfy
: = N

:Sec.l

] Sec.2

1 Sec.3
1000

1 sec.4

1 Sec. 5
. Sec. 6
| Sec.7
1 Sec.8
2000 -
] sec.o

1 Sec. 10
2500 —

nSec. 11 /]
| Sec. 12

m{‘*ﬂ,ﬂﬂ“"’“b"’
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3000 <
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/i . E I EEE

1 Sec. 15

ISec, 16,1
1 Sec. 17

1 Sec. 18
4000
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Appendix 4: Core Descriptions MeBo continued

MSM57-1 Coreno.:1,2,4,5
GeoB21616-1 Total core Length: 352 cm
MeBo127 Drilled depth: 0-1390 cm
Section 1P-14A Section 2R-1WR Section 4P-14 Section SP-1A
AT("C) AT("C) AT("C
. P T 4.4.0.%, 4.2,9.%3
= .r'!
e }
= ;
20
3 4P-CC
g SP-CC
L
=3
"‘_: GH
g T =05
& RRRAEAE S
=
= 1P-CC
e | core | secvon, [ Sectentength { Topdesth { ganom depth remart
= [ 1 107 : 0 107
= R [[4 13 | 107 120
= [z 1 27 | 575 602
2ap = [ 4 1 31 | RS 1016
= | 4 CC 11 | 1016 1027
= [ s 1 42 | 1220 1262 Gas Hydrate
= | 5 CC 11 | 1262 1273
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MSM57-1
GeoB21621-1 Total Drilled Length: 755 cm
MeBo0128 Total Cored Length: 447 cm
T,=4.0°C
AT(°C)

1P-1A  JP-TA P-JA

i SE—
.u'_'_-.
= 1 [mM|
= $01 J5dh Lon 5500 FAM)
E L1} - ™ T
- L]
= a o | I
R
" = 200 b
w 5
= 5,
= £
= =
E A0
=
= LT S
=
= £
= T0H)
=
=T 400 450 500 550 600
= CI" (mM) fovn b e Type [iection Lengeh (e 1o o] Pottom depthies
= 1 P 1 123 ] [¥T)
= 1 " [ 1B 171 138
—t— IPCC 1 n 1 110 140 a0
— 3 ¥ F [ 410 451
= 3 v 3 i 451 4580
3 3 0 1 128 530 [T
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MSM57-2
GeoB21626-1
MeBo0129-1

1H-1A IR-1A 3R-1A AR-1A

I;LI.':.I l.!.Ll.lE.I.J L lFl IRNETTE

¥
IFRERITNT

]..

inentenn

Total Drilled Length: 2290 cm
Total Cored Length: 395 cm

Core Mo. Core Type Section Length [om) Top depthiom) bottom depthiom)

B O e b ous W R R e e

EEasSazaamaas

H
cC
1
cC
H
cc
1
cC
i
2
cC

]
10
T8
8
i3
9
11
8
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]
5

o
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180
358
330
563
T80
03
1040
1160
1234

8
L]
58
66
563
572
BO2
810
1160
1334
1239
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Appendix 4: Core Descriptions MeBo continued

MSM57-2
GeoB21626-1
MeBo129-1

0
Core 1R, Sec. 1 0-28 cm, CC: 28-38 cm

0-5 cm: Very dark greenish groy (Gley 1, 3/1 10Y) clay, soupy
tmxiure dus ko coring

2 cm: smiall pabble (2 cm diamador)

5-13 om: a large pabbile fills iner

3 and 20 em- smaar skdes

1336 cm; Dark bluish groy (Gley 2, 471 5B) pobbly, sandy clay
18 em: small bivahva sholl

28-30 em: void

Z8-38 em: covo enicher

38-38 om: Dark greenish grey (Ghey 1, 411 10}

Mag. Sus. x 10-5 (81)
e @ § 8

Sample
Poraosity
Sample

s Porewater

Core 1R, 0-Z80 am

200

Core 2R, Sec. 1 0-78 cm, CC: T8-86 em r
0.7 cm: Dark greenish grey (Gley 1, 471 10%) silty clay.
7-11 em: Sandy clay with small pabbla {1 em diamatad) - -
1128 om; Dask groenish groy clay -
18 and 25-26 e Black (Gley 1 2.5/M) won suifide patches.

25 and 46 om: Smoar slides

28-35 om: Dok groeonish groy pebbly cloy

35-40 em: Durk greenish groy clay

40-45 cm; Dark groenish grey pabbly clay

45-54 em: Dark greonish groy clay

54-59 om: Durk groanish groy pobbly clay

59-TB cm: Dark greenish grey clay

78-82 em: Large pebble

82-88 om; Dark greenish groy sandy’gravelly clay

L]
-' Core IR, Sec. 1 0-33.5 cm, CC: 33.5-43 cm - &
0-4 cm: Dark greenish grey (Gley 1. 4/1 10%) clay,

4-5 em: Dark groenish groy sandy clay

12-1% cm: Dark greenish groy pobbly cloy

18-18.5 om: Dark greenessh grey sandy clay

18.5-18.5 em: Dark gresnish grey ciay

19.5-22 em: Vory dosk greonish grey (Ghay 1 31 10¥) sanay elay
I2-24 om; Vory dark groonish groy clay

7 ond 22 em:- Smear slides

24-31 e Very dark greenish groy sandy clay

18, 22, 29, 32, and 38 crm; Black [Gloy 1 2.5M) inon suffide

400

Core 2R, 2B0-530 cm

600

Core 3R, 530-780 cm

pasches
35.5-37 om: Large pobbie
38-38 cm; Viery dark greenish groy sandy clay
41-43 om: Vold space
800 Bl == coesr sec.1022m coiz230em i ?
0-5 em: Geoenish black (Gley 1. 2.51 10Y) elay (soupy 0-2 em)
5-24 om: Black (Glay 1, 2.5 M) clay
9-12 em: Buried pebble
11 em: Smear slide
1316 om: Black pebbly clay
16-22 em: Black firm clay
22-30 em: Groanish groy (Gloy 1, 51 10Y) clay

Core 4R, TRO-1025 cm

1000

Core 5/ 1025-1040 cm, emp, measurement, no cone

Core 6R, Sec. 1 0-120 cm, .
0-T em: Vary dark greenish groy (Glay 1 311 SGY) clay

7-10 em: Very dark greonish grey silly clay

1028 em: Very dark graanish gray cloy

11 and 20 em: Smear shides o
28-37 em; Very cark greanish grey silty clay

37-121 emc Very dark greenish grey clay with small pebbles
threughout, lnrges! pebbles at T2, 88, 121 em

Core 6R, Sec, 2 121-184 cm, CC 194183 cm

121-162 em: Very dark greenish grey clay with pebbles at 124,
131, 144, 152, 166 (schist), 189 (schist) em

138, 138, and 140 cm: Iron sulfide patches

182-189 cm: Viry dark groenish gray pebbly clay

171 em: Serear shide (50 em in section)

1200

Core BR, 1040-1290 cm
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MSM57-2
GeoB21626-2
MeBo0129-2

4H-1A  5R-1A  GR-TA BR-1TA 9R-1A TOR-1A

Total Drilled Length: 2530 cm
Total Cored Length: 254 cm

I;LI.':.I l.!.Ll.lE.I.J L lFl IRNETTE

']
LIlI.lI.J.IJI..IlJl.lHll

]

Care No. Core Type Section Length (em) Top depthiom) bottom depthiom)

EEvumeannin s

EFEaaaaaarEae

cC
1
cc
1
cC
H
cc
1
cc
H
cc
1
cC

4
90
[
29
10
i1
7
e 1]
[
13
7
:
10

o
1040
1130
1280
1309
1530
1552
1790
1826
4030
2049
2280
12EE

4
1130
1135
1309
1319
1552
1555
1826
1B3Z
2049
2056
2288
12598

177



R/V MARIA S MERIAN Cruise Report MSM57 Appendix 4

Appendix 4: Core Descriptions MeBo continued

MSM57-2
GeoB21626-2 i
MeBo129-2 Mag. Sus. x 10° (SI) -%%g ggl
- & ¢ 8E558
0 Coro 1R, washed to T8O cm, CC recovared (04 cmj)

0-% cm: Dark grey (Gley 1 3N) sandy clay

200

400

Core 1R, 0-TBO em

G600

BOO Caone 2R, no recovery

Core 2R, TB0-1025
om

1000
Core IR, 1025-1040 cm, tomp. measurement, no core
Core 4R, Sec. 1 0-80 em, CC 50-96 em -
0-5 cm: Sowgry sediment. cone disturbance -
0-50 am: Very dark greenish grey (Gley 1. 2. 5/1 10Y)
silty clay
50 em: Smear shde
8, 11,25, 35, T2, B3.5-87 om: small pebbles and coarse
rratenal below solit surface
-_ 50-80 em: Gradation to gresniah black (Seay 1, 2.5/1 5GY) sty clay * .
B0-96 cm; Greanish black (Gley 1, 2.5M0GY) silty clay
80-93 cm: Large carbonade, greenish gray (Gley 1, 801 107 rock
fragment, suthipenic? dotrital? Smear shde tahen 51 83 em
93-96 cm: Modum graned, felsic-intomeaiate, igreous rock fragmant
Core 5R, Sec. 1 0-29.CC 29-39 em
0-39 cm: Greenish black (Gley 1, 2 501 10Y) silty-sandy clay
4 cm. Layer of sandy clay
8.5 cm Shel fragment and pebbles .
B S 45 e iron saifice patch a
18 con Smal
23-27.5 and 30-32 em: Core dishurbance cracks
35 cm: Pobble and shel fragment
Core 6R. Sec. 1 0-22 cm, CC 22-29 cm
0-12 em: Very dark greenmh grey (Gley 1. 31 10Y) sandy-sity clay
6 cn: sand interval
8 5-10 ey T iron sulfide patches
1800 B 12225 om Sandypedbly clay .
23-28 cm; Dark grey (Gley 1, 4N) sandy-siity clay interbedded with
sandy clay, pebbles, and shell imgments
Core TR, 1TTE-1780 cm, Tempermiure measuremant, no coro
Core BR, Sec. 1 0-38 em, CC 36-42 em
0-42 em:. Dark greenish grey (Gley 1, 4506) sandy-silty clay
1% Hﬂz!crag shall fragmant
18, 25, and 30 cm: Iren suffide paiches, very dark grey 1, 3Ny
— 30 ern: rock fragments of mica schisl o » »
40-47 cm: Core disturbance
Core 9R, Soc. 1 0-19 em, CC 18-26 cm
0-27 e Very dare grey (Ghey 1, 3N} silty clay
3 and 24 e Palchs of sandy iron sulfide rch clay
10 cm: Smaar shde
17-18 em: Void
— | 225 o Firm sity chay

1200

Coras 4R,
1040-1280 cm

1400

Cona SR,
1280-1530 cm

1600

Core 6R,
15301775 em

Core BR, 1760-
2030 cm

2000

2200

Core SR, 2030-
228B0cm

Core 10R, Sec. 10-8 cm, CC 8-18 cm
0-18 cm: Very dark grey (Gley 1, 1) sity clay
10-15 em: Largs pebble

2400

Core 10R
22802530 cm
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MSM57-2
GeoB21631-1 Total Drilled Length: 1530 cm
MeBo130 Total Cored Length: 53 cm

1R-TA 4R-1A

il 1R-CC

- Core Mo, Core Type Section Length [cm) Top depthiom) bottom depthiom)
1 1 Fi ] [ 18

R
1 R € L Fe 35
] 4 L] 1 & 1390 1298
— 4 R cC 1D 1298 1308
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Appendix 4: Core Descriptions MeBo continued

MSM57-2
Gealiai6d] Mag. Sus. x 10 (S1) %E o
MeBo130 H g3 ‘g
e 8 § B E 3 E 3
1]
- m Core 1R, 0-1030 cm, Sec. 1 0-28 cm, CC 28-35 cm £ 37
0-10 em: Very dark greenish grey (Glay 1, 31 10¥) clay Bec og
0-2 and 2-5 cm: Larga pabblas 5% EE
10-28 cm: Greenish grey (Gley 1, 51 107} sandy clay o 3
26-29 om: Friable greenish grey (Gley 1. 6/1 10Y) 5 =
sandstone pebble, width of core liner
32-33 cm: Friable, carbonale rich mudstone clast, mn,
200 with HCI
17 and 24 cm: Smear slides taken
400
§
2
)
z
o
S
600
800
1000
E Core 2R, 1030-1275 cm, no recovery
-
]
2
-
1200 g
Core 3R, 1275-1200 cm, temp. measuremeant, No core
Core 4R, 1290-1530, Sec. 1 0-8 cm, CC 8-18 cm
B 0-8 cm: Very dark greenish grey (Gley 1, 31 10¥) clay
a B-18 cm: Large quartize pebble with drilling cuts, nearly
400 % liner diameter, in very dark greenish grey clay
L § 17-18 cm: small pebble
%
[
-]
L&}
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Appendix 4: Core Descriptions MeBo continued

MSM57-2

GeoB21631-3 Total Drilled Length: 1530 cm

MeBo131 Total Cored Length: 81 cm
1R-1A

1R-CC

& ] :
l!l] pigy ILI_LI.':.I l.!.Ll.lh.l.Jl.-LLl lFllJ.I.l].lJl [

Core Na. Core Type Section Length [em) Top depthiem) battem depthiem) drifled depth
1 U] 1 71 o 71 0-1530
1 R cC 10 i Bl 0-1530

Lnentennn

]

181



R/V MARIA S MERIAN Cruise Report MSM57 Appendix 4

Appendix 4: Core Descriptions MeBo continued

MSM57-2
GeoB21631-3 " i
ag. Sus. x 10-5 (51) F-
MeBo131 e 5 |
b Core 1R, 0-1030 cm, Sec. 1 0-T1 em, CC 71-81 cm _E %
02 cm: Void Se E g
2-24 cm; Greenish grey (Gley 1, 51 10Y] slightly sandy 5 g %
clay -
48, 11-14 em: Pebbles £ =

10 cm; Interval of very sandy clay

24-54 cm: Very dark greenish grey (Gley 1, 4/1 10Y)
200 sandy clay with pebbles

3540 and 4346 cm: pebbles

54-57 cm: Very dark grey (Gley 1, 2/N) pebbly clay

5783 crm: Gray (S/M) slightly sandy clay

63-67 cm: Very dark grey (Gley 1, 13/N) clay

B7-71 cme Dark grey (Glay 1, 4/N) clay

71-T6 e Greenish grey (Gley 1, 5/1 10Y) clay with

some pabblas

76-81 cm: Dark grey (Gley 1, 4/N) clay with soma
400 pebbles

600

800

Core 1R, 0-1530 cm

1000

1200

1400
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Appendix 4: Core Descriptions MeBo continued

MSM57-2

GeoB21631-4 Total Drilled Length: 2030 cm

MeBo132 Total Cored Length: 116 cm
1R-1A

& I :
l.lll i .lil.llJ:Ll.!.l.l !.LthI.I.J 1.-1.LLLFL[ INENITT

Core Ma. Core Type Section Length (cm) Top depthicm] battom depthicm|] drilied depih em)

= 1 n i 56 0 96 02020
':: | R [l o 10 Gy 106 i1 Fai]
= 2 A o 10 2020 2030 2020-2020
=

=

]
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MSM57-2

GeoB21631-4

MeBo132

600

800

1000

1200

1400

1600

1800

2000

184

Core 1R, 0-2020 cm

Core 1R, 0-2020 cm, Sec. 1 088 cm, CC $8-106 cm
Core 1R,CC, whole round squeszed for porewater
chemisbry *NOTE: This cors is amalgamated from

an owerall depth of 0-2020 cm,

015 om Very dirk gresnish geey (Gbﬂ 31 107 alghlly
sandy clay {13-15 cm, highae sand conlsnt)

15-18 ey Grey {Glay 1, BN 1o dark grey (BN] sily clay
18-27 ey Greanmh giey (Giey 1, 501 10%) pabbly, silty clay
2